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Patch-Testing North American Lip Dermatitis Patients:
Data from the North American Contact Dermatitis Group,

2001 to 2004

Kathryn A. Zug, Rachel Kornik, Donald V. Belsito, Vincent A. DeLeo, Joseph F. Fowler Jr, Howard I. Maibach,
James G. Marks Jr, C.G. Toby Mathias, Melanie D. Pratt, Robert L. Rietschel, Denis Sasseville, Frances ]. Storrs,

James S. Taylor, and Erin M. Warshaw

Background: The most common differential diagnoses for patients presenting with lip dermatitis or inflammation include atopic,
allergic, and irritant contact dermatitis. Patch testing can be performed to identify the allergic contact conditions.
Objective: To report North American Contact Dermatitis Group (NACDG) patch-test results of patients who presented for patch

testing with only lip involvement from 2001 to 2004. Patient characteristics, allergen frequencies, relevance, final diagnoses, and

relevant allergic sources not in the NACDG screening series were evaluated.

Methods: The NACDG 2001-2004 database was used to select patients presenting with only lip involvement.
Results: Of 10,061 patients tested, 2% (n = 196) had lips as the sole involved site. Most (84.2%) were women. After patch testing,
38.3% (n = 75) were diagnosed with allergic contact cheilitis. Fragrance mix, Myroxilon pereirae, and nickel were the most common

relevant allergens. Of 75 patients, 27 (36%) had relevant positive patch-test reactions to items not on the NACDG series; lipstick and

cosmetics were the predominant sources.

Conclusions: Patch testing is valuable in the evaluation and identification of contact allergy in patients referred for lip dermatitis.

The use of supplementary allergens based on history and exposure is important in the identification of additional relevant allergens.
Over a third of patients with contact allergy had other factors, such as irritant dermatitis, considered relevant to their condition.

ONTACT CHEILITIS is an inflammatory condition
Cof the lips that can manifest as itching, burning,
dryness, erythema, fissuring, crusting, and edema.' Factors
contributing to this condition may be endogenous to the
individual (atopic diathesis), exogenous to the individual
(including allergens and irritants), or both endogenous
and exogenous. Contact cheilitis can develop as a primary
disorder of the vermilion or may arise as an extension
from nearby skin or from the oral mucosa.” The
unkeratinized (mucocutaneous) epithelium of the vermi-
lion is more susceptible to allergy than is the oral mucosa,
perhaps because of the buffering and solvent actions of
saliva. Therefore, if both the oral mucosa and the lips are
exposed to an allergen, cheilitis will often be the sole
manifestation.'” Allergic contact cheilitis (ACC) has been
reported to result from the use of a wide array of materials,
including cosmetics (lipsticks, lip balms, makeup), moist-
urizers, sunscreens, nail products, oral hygiene products
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(mouthwashes, toothpastes, dental floss), dental appli-
ances, foods, and metals.*°

Studies that report the patch-test results of patients
presenting with cheilitis have been conducted in the
United Kingdom,7 Italy,4 Singapore,2 Australia,® and
India.” The purpose of this study was to analyze the data
collected by the North American Contact Dermatitis
Group (NACDG) from 2001 to 2004 and to report its
findings on patient characteristics and allergen frequency
in patients presenting solely with lip involvement.

Materials and Methods

The NACDG data were compiled from 13 clinics in North
America. De-identified data were entered into a compu-
terized database (Access 2003, Microsoft Corporation,
Redmond, WA) from 2001 to 2004. Data for this study
were entered into a database (SPSS version 14, SPSS Inc.,
Chicago, IL) for analysis. This database was used to
identify patients with the location of “lips” as the sole area
of involvement upon presentation for patch testing.

All patients were patch-tested with the NACDG series
of 65 allergens in addition to other allergens deemed
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potentially relevant by the individual clinician. Patch tests
and readings were performed in accordance with standard
NACDG practice.'” From the 2001-2002 series to the
2003-2004 series, six allergens differed, resulting in a total
of 71 allergens in the 4-year period.'"’ The source of a
supplemental allergen that was not in the screening series
was noted when applicable. Whether the source was a
specific allergen or a patient’s personal product was not
indicated. Only one relevant non-NACDG allergen source
could be recorded.

The relevance of each NACDG allergen was recorded as
definite, probable, possible, past, unknown, or not
relevant.'® For the purposes of this study, clinical relevance
was defined as present relevance (definite, probable, or
possible) unless otherwise stated. The atopic markers (a
history of atopic eczema, asthma, or hay fever/allergic
rhinitis) were recorded. An atopic predisposition was
defined as the presence of at least one of these three
markers.

To ensure that only patients identified with contact
allergy by patch testing were included in the further
analysis of allergens and sources, the following criteria
were required for a diagnosis of ACC: (1) final interpreta-
tion of at least one patch-tested allergen coded as allergic;
(2) at least one code for final diagnosis of contact allergy
entered on the data form; and (3) clinical relevance coded
as possible, probable, or definite, or allergy to a non-
NACDG allergen (either the patient’s own product or a
supplemental allergen) with a recorded known source. If a
patient’s data fit the above criteria, the patient was defined
as having a clinically relevant allergy (ie, ACC) for the
purposes of this study.

On T.R.U.E. Test allergen panels 1.1 and 2.1
(Allerderm, Phoenix, AZ), there are 23 allergen patches,
some of which are mixtures. We determined an allergen on
the NACDG series to be present in the T.R.U.E. Test if it
was listed as a component of a mixture or as an individual
allergen. This is similar to the methodology used by
Saripalli and colleagues.'' For example; cinnamic aldehyde
is a separate allergen on the NACDG series, but it is
included in the fragrance mix in the T.R.U.E. Test series;
hence, we considered it as present in the T.R.U.E. Test.
Patients fulfilling the above criteria for clinically relevant
allergy were stratified into the following three groups to
hypothetically determine if their allergies could be detected
by the T.R.U.E. Test: (1) patients who reacted solely to
those NACDG allergens that were also present on T.R.U.E.
Test panels 1.1 and 1.2, (2) patients who reacted only to
NACDG allergens not present in the T.R.U.E. Test, and (3)
patients who fit the criteria for both of the above groups.

After patch testing was completed, the NACDG
investigator determined and recorded one to three post-
patch-test “final” clinical diagnoses. Recorded clinical
diagnoses included allergic contact dermatitis, irritant
contact dermatitis, atopic dermatitis, other dermatitis,
contact urticaria, and other dermatoses. The categories
“other dermatitis” or “other dermatosis” were used at the
discretion of each investigator. An informal survey of
NACDG members revealed that the “other dermatoses”
category included lichen planus, rosacea, and burning
mouth syndrome. The “other dermatitis” category
included unknown causes of dermatitis.

Results

Demographics

Of 10,061 patients patch-tested from 2001 to 2004 by the
NACDG, 196 patients (2%) were identified with a skin
condition limited to the lips. The average age was 46.5
years (range, 9-83 years). Females accounted for 84.2% of
the population (n = 165); males accounted for 15.8%
(n = 31). The population was largely Caucasian (87.8%,
n = 172); other ethnic groups represented were African
(6.2%, n = 12), Asian (3.1%, n = 6), and Hispanic (2.6%,
n = 5). Seventy-three patients (37.2%) had at least one
manifestation of the atopic triad by a history of atopic
eczema, hay fever, or asthma. Seventy-five patients fulfilled
our selection criteria for ACC. The age range was the same
as that of the population presenting with lip dermatitis
(mean, 48.7 years). Males accounted for 8% (n = 6) of the
subset with ACC, and females accounted for 92% (n =
69). Fewer patients in the ACC subgroup were atopic
(28%, n = 21) compared to all patients with lip dermatitis.
Patients with a history of at least one of the atopic markers
accounted for 38.7% (n =3,892) of the general patch-test
population.

Patch-Test Results and Relevance

Of the 196 patients having the site code “lips,” 75 (38.3%)
fit our selection criteria for ACC. Eighty percent of the 75
patients (n = 60) had at least one clinically relevant
positive patch-test reaction to an allergen on the NACDG
series. Sixty-four percent (n = 48) had a positive patch-
test reaction to only an allergen on the NACDG series, and
16% of patients (n = 12) had a relevant positive patch-test
reaction to both an NACDG series allergen and another
relevant allergen (either a personal product or a supple-
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mentary allergen). Among the 60 patients with a positive
patch-test reaction to an NACDG series allergen, a total of
127 positive allergic patch-test reactions were coded as
relevant. Of these, 2.4% were coded as definite clinical
relevance (n = 3), 33.1% were considered as probable
clinical relevance (n = 42), and 64.6% were coded as
possible clinical relevance (n = 82). Twenty-seven patients
had a positive patch-test reaction to a supplementary
allergen (either a personal product or a selected allergen
not in the NACDG series), and 15 of these patients were
allergic only to the supplemental non-NACDG allergen

(Fig 1).

Allergen Frequencies and Sources

The clinically relevant positive patch-test reactions to the
NACDG standard tray allergens are reported in Table 1.
Fragrance mix was the most common allergen (2 reactions
of probable relevance and 16 of possible clinical relevance),
followed by Mpyroxilon pereirae (balsam of Peru) (2

10, 061
NACDG patch tested patients
2001-2004

.

196
presenting with
only lip invelvement

!

7S
(38.3% of study subset)
fit criteria for allergic
contact cheilitis
48 12 15
with relevant with relevant with relevant
positive positive positive patch
patch test(s) to patch tests to at test to only a
only an NACDG least one NACDG supplemental
screening screening allergen allergen
allergen and a supplemental
allergen

Figure 1. Flow diagram of patch-tested patients with lip-only
involvement. (NACDG = North American Contact Dermatitis
Group)

probable and 12 possible clinical relevance) and nickel
sulfate (1 definite, 4 probable, and 8 possible clinical
relevance [n = 13]). The main sources of fragrance were
oral hygiene products (n = 6), cosmetics (n = 3), and
lipsticks (n = 3). The sources of Mpyroxilon pereirae
included cosmetics (n = 4), lipsticks (n = 3), and oral
hygiene products (n = 3); one case was attributed to food.
The most common source of clinically relevant nickel
allergy was jewelry (n = 7); there were also two cases
associated with tools and one case each associated,
respectively, with an unspecified medical health device,
amalgam, and a musical instrument.

Cosmetics (including makeup and lipstick) were the
most common sources of reactions of present relevance
among the 60 patients with at least one clinically relevant
positive patch-test reaction to an allergen in the NACDG
series. Cosmetics, makeup, and lipstick accounted for 39 of
110 recorded known sources of exposure to allergens
(35.5% of all recorded sources). Less common sources
included jewelry (16 of 110 [14.5%)]), medicaments
(neomycin, bacitracin, budesonide and tetracaine, 14 of
110 [12.7%]), and oral hygiene products (12 of 110
[10.9%]). Some patients had more than one relevant
positive reaction and thus had more than one source
coded for their allergic reactions. Twenty-seven patients
were identified as allergic to an allergen not included in the
NACDG series. The most common exposure source in the
non-NACDG series relevant-allergen category was again
cosmetic products (including makeup) (10 of 27 [37.0%]).
The second most common source was lipstick (25.9%,
n = 7), followed by moisturizers, lotions, and creams
(14.8%, n = 4). One patient each had an allergic reaction
to a medication, an oral hygiene product, a dentistry
product, or artificial nails (Table 2).

T.R.U.E. Test Results

Of the 60 patients with clinically relevant positive patch-
test reactions to NACDG allergens, 53.3% could hypothe-
tically have had all allergens detected by T.R.U.E. Test
panels 1.1 and 1.2 (n = 32). Thirty-three percent would
have had at least one allergen (but not all allergens)
detected by the T.R.U.E. Test (n = 20), and 13.3 % would
have had none of the relevant positive NACDG series
allergens detected if the T.R.U.E. Test had been used alone
(n = 8). However, use of the NACDG allergen series alone
did not detect the supplementary non-NACDG allergens
that were identified for 27 patients.
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Table 1. Allergens Identified in 60 Patients with Clinically Relevant Positive Patch-Test Reactions to NACDG* Series Allergens

Allergen

Patients with ACC (%) No. of Reactions'

Fragrance mix 8% pet

Myroxilon pereirae (balsam of Peru) 25% pet
Nickel sulfate 2.5% pet

Sodium gold thiosulfate 0.5% pet

Neomycin sulfate 20% pet

Cobalt chloride 1% pet

Propylene glycol 30% aq

Lanolin alcohol 30% pet

Cinnamic aldehyde 1% pet

Bacitracin 20% pet

Benzophenone-3 3% pet
Methyldibromoglutaronitrile/phenoxyethanol 2% pet
Tea tree oil, oxidized, 5% pet

Budesonide 0.01% pet
Mercaptobenzothiazole 1% pet
Formaldehyde 1% aq

Potassium dichromate 0.25% pet
Tosylamide formaldehyde resin 10% pet

30.0 18
23.3 14
21.7
13.3
11.7
10.0
8.3
6.7
6.7
5.0
5.0
5.0
5.0
5.0
3.3
3.3
3.3
3.3

—_
w

BN W W W W Wbk b Ul N D

ACC = allergic contact cheilitis; aq = aqueous; pet = petrolatum.
*North American Contact Dermatitis Group.

In addition to the reactions listed in this column, there was one reaction to each of the following: colophony, p-phenylenediamine, carba mix, thiuram mix,
ethylenediamine dihydrochloride, quaternium-15, mercapto mix, dimethylol dimethyl hydantoin, methylchloroisothiazolinone/methylisothiazolinone, 2-
bromo-2-nitropropane-1,3-diol, chloroxylenol, diazolidinylurea, ethyleneurea/melamine formaldehyde, iodopropynyl butyl carbamate, dl-o-tocopherol,
ethyl acrylate, methylmethacrylate, tetracaine, cocamidopropyl betaine, Compositae mix ylang ylang oil.

Post-test Final Diagnoses

Of the selected group of 75 patients fitting the criteria for
ACC, 65.3% (n = 49) had a sole final diagnosis of contact
allergy and 34.7% (n = 26) had at least one additional
diagnosis recorded. Just over a third of patients with
allergic contact dermatitis had additional factors contri-
buting to their condition. The second most common
diagnosis after allergic contact dermatitis was irritant
dermatitis. Irritant contact dermatitis was listed as a
component of the final diagnosis for 28% of patients

(n = 21). Irritant dermatitis was followed by other
dermatitis (n = 4); contact urticaria, other dermatosis,
and atopy were included in the final diagnosis of one
patient each.

Discussion

Females accounted for 84.2% of patch-tested patients with
only lip involvement, which is in accordance with other
studies on ACC that report a range of 70.7 to 90% female
patients.>*® Female predominance may be explained by

Table 2. Sources of Allergic Contact Cheilitis in 27 Patients with Relevant Non-NACDG Screening Allergens

Source % of Total Reactions No. of Reacting Patients
Lipsticks 25.9 7
Makeup 18.5 5
Cosmetics; skin or health care products 18.5 5
Moisturizers, lotions, or creams 14.8 4
Sunscreens 7.4 2
Oral hygiene products 7.4 1
Dentistry products 3.7 1
Artificial nails 3.7 1
Topical medications 3.7 1
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the presumption that women wear more cosmetics and lip
products than men and are also more likely to seek medical
attention for a process affecting physical appearance.*

Relevant Allergen Frequencies

Strauss and Orton,” Zoli and colleagues,* and Lim and
Goh? reported fragrance mix as the most common cause of
allergy in patch-tested patients with cheilitis. The fragrance
mix used by the NACDG is composed of eight chemicals:
cinnamic aldehyde, cinnamic alcohol, hydroxycitronellal,
amylcinnamaldehyde, geraniol, eugenol, isoeugenol, and
oak moss absolute. These ingredients may be found in
products ranging from toothpastes, mouthwashes, bubble
gums, dental impression compounds, cosmetics, perfumes,
soaps, and flavorings in foods." The main sources recorded
for fragrance allergy in our study were oral hygiene
products, followed by cosmetics and makeup and then by
lipsticks. Myroxilon pereirae (balsam of Peru) was also a
cause of frequently relevant positive patch-test reactions.
The recorded sources of Myroxilon pereirae were similar to
those of fragrance mix. Nickel yielded 21.7% of all
clinically relevant positive reactions. Nickel allergy is
extremely common in the general population; NACDG
data from the 2001-2002 study period revealed that 17%
of patch-tested patients had positive reactions to nickel.'’
Nickel was also one of the most common sensitizers (in
addition to fragrance) in a study by Zoli and colleagues of
patch-tested patients with cheilitis and perioral dermati-
tis.* In that study, four patients with relevant nickel allergy
were treated successfully by cessation of their lip cosmetics,
which the authors stated may have contained trace
amounts of nickel.*'* Makeup or lipstick containers are
another possible source of occult nickel exposure. Several
other studies reported nickel as a less relevant allergen in
cheilitis, accounting for only 5 to 9% of positive patch-test
reactions.””® The primary source recorded for relevant
nickel allergy in our population was jewelry. Nickel is a
known cause of ectopic dermatitis of the eyelids; it is
possible that other areas of the face, such as the lips, may
exhibit ectopic reactions.

In contrast to the general patch-test population,
patients with only lip involvement had very few positive
patch-test reactions to preservatives. In the overall
NACDG patch-test population from 2003 to 2004,
quaternium-15 ranked as the fifth most frequently positive
patch-test allergen; its prevalence rate among all tested
patients was 8.9%.'° A likely explanation for this difference
may be the formulation of lip products. Most lip products
are anhydrous and are largely composed of waxes, oils,

pigments, and emollients. Bacterial growth, although
possible, is of less concern in a water-free mixture; hence,
fewer preservatives and lower concentrations are used.

Allergen Sources

Opverall, the most common sources of allergic reactions to
NACDG allergens as well as to personal products or other
supplementary allergens were cosmetics (including
makeup and lipstick). This is consistent with most major
reviews.>*” Lipstick was coded as the source of 17 positive
reactions in our group of 75 patients with ACC, less than
that reported in studies by Lim and Goh® and by Strauss
and Orton,” who found lip products to account for 50% or
more of ACC cases. This discrepancy may be explained by
the possibility that NACDG investigators included lipstick
in a broader cosmetic category instead of coding it more
specifically, especially since there is no explicit code for
additional lip products such as glosses or balms. After
jewelry, the next most common sources of allergy in our
series were medicaments (neomycin, bacitracin, budeso-
nide, and tetracaine) and oral hygiene products.

Other studies of cheilitis have noted similar common
sources and allergens. Lim and Goh studied 202 patients
presenting with cheilitis. The most common source of
ACC was cosmetics (58%), followed by toothpastes (29%),
medicaments (7%), and nickel (6%).? In Francalanci and
colleagues’ study of ACC, 15 patients were allergic to
toothpaste; the majority of sensitizations were due to
flavoring substances.® The authors suggested that perhaps
ACC from toothpaste is underestimated because many
toothpaste flavorings (including peppermint, spearmint,
carvone, and anethole) are not found in a standard
screening series of allergens. In 1999, Freeman and
Stephens reported cosmetics and medicaments as the most
common sources in their study of 75 patients (24% of
patients were allergic), followed by toothpastes and
sunscreens ( 14%).8 Zoli and colleagues, in 2006, reported
the most common relevant allergens as nickel and
fragrance mix (4 of 27 [14%] relevant positive patch-test
reactions), followed by Myroxilon pereirae and methyldi-
bromoglutaronitrile (Euxyl K400) (3 of 27 [11%]).*

Screening Series Performance

There is concern in the dermatology community about the
effectiveness of the allergens approved in the United States
by the Food and Drug Administration for detecting
important relevant allergens, especially in certain popula-
tions (such as referral patients, patients with persistent
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dermatitis despite testing, or patients in particular
occupations). In 2003, Saripalli and colleagues examined
the use of the T.R.U.E. Test in a retrospective review of
898 patch-test patients, a subset of the NACDG database."'
The T.R.U.E. Test was better at detecting clinically
relevant positive patch-test reactions in our patients with
cheilitis than in that general patch-test population; 53.3%
of patients with positive patch-test reactions deemed
currently relevant would have had all their potential
allergens detected, 33.3% of patients would have had some
of their allergens detected, and 13.3% of patients would
have had none of their allergens detected. These high rates
are likely because ACC in our population was most often
related to fragrance, Mpyroxilon pereirae, and nickel, all
components of the T.R.U.E. Test. However, the NACDG
series alone also would have failed to identify 27 patients
with other positive reactions to relevant supplementary
allergens.

Less Commonly Reported Causes of ACC

Strauss and Orton, using an extended cosmetic-vehicle/
lipstick series, detected 32% of patients with allergy who
would not have been detected with their standard series.”
Other reported potential causes of ACC that are not
routinely tested by the NACDG series and that are more
elusive suspects include fruits, flavorings, herbs and spices
(such as spearmint oil), anethole,'® carvone,'* vanilla,'®
ros.emary,16 garlic,17 geraniol,18 kiwi fruit, and cigarette
paper.” In toothpastes, allergens reported in addition to
mint flavorings include sodium laurel sulfate'® and
cocamidopropyl betaine,”® which is included in the
NACDG series. In lipsticks and glosses, some uncommon
reported allergens have included octyl gallate,”" propyl
gallate,22 ricinoleic acid,?> D & C red no. 7,%* isopalmityl
diglyceryl sebacate,”” glyceryl monoisostearate monomyr-
istate,”® and diisostearyl malate.”” Other reported allergens
include mandelic acid,?® shellac,”® beeswax,’ castor oil,!
and pentaerythritol rosinate’® (an ester gum derived from
rosin and pentaerythritol in cosmetics).”

Study Limitations

The patients tested by the NACDG were overwhelmingly a
referral population, and some of them had been tested
with the T.R.U.E. Test prior to referral. The application of
these results to a general dermatology setting may be
limited. Untested allergens may have been important.
Essential to the definition of possible relevance is that
circumstances exist that could possibly lead to exposure;

therefore, the reporting of possible relevance is limited by
the investigator’s and patient’s knowledge of possible
exposures. This is a relevance estimate; the definition may
lead to an overestimation of positive allergen relevance. A
more exacting and better measure of relevance is difficult
in this type of primarily referral population. It would
require follow-up over time to confirm whether improve-
ment or clearing resulted from the avoidance of a
particular allergen. In many NACDG cases, this is not
practical.

Conclusion

It is not uncommon to have more than one factor
contributing to cheilitis (for example, atopic diathesis
and allergy, or allergic and irritant dermatitis). Notably,
just over one-third of patients with allergic cheilitis also
had another condition contributing to their dermatitis.

Cheilitis is a complex problem that can be attributed to
a number of factors and hence requires a detailed exposure
history. The history should include a review of atopic
diathesis, lip licking, and potential contactants such as
cosmetics (especially lipsticks, balms, and glosses) and
moisturizers. Also pertinent to the exposure history may
be sunscreens, jewelry, recent dental procedures, dental
appliances and amalgams, oral hygiene products (such as
toothpastes, mouthwashes, and gums), musical instru-
ments, foods, spices, and flaring factors perceived by the
patient.

Scrutinizing this data analysis, we noted that identifica-
tion of clinically relevant positive allergens is higher in the
overall patch-tested population (50.7%, n = 5,096) than in
this lip-only subgroup. The fact that 38.3% of patients
referred for this problem are identified with relevant
contact allergies suggests the following: (1) it may be more
difficult to predict or determine, based on history and
examination, which patients in this group are better
candidates for patch testing; and/or (2) a broader selection
of suspect supplementary allergens, including the patients’
own products (especially lip products) and food and oral
hygiene products, is critical to identifying relevant
allergens.
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Formaldehyde and Leukemia: Epidemiology, Potential
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Sonawane B, Bateson T, DeVoney D, Vandenberg J. National
Center for Environmental Assessment, Office of Research and
Development, U.S.  Environmental Protection  Agency,
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Early epidemiologic studies indicated an association
between leukemia and formaldehyde exposures in
nonmanufacturing environments including: mortuary workers,
medical examiners, pathologists and anatomists. Various
endpoints were cited including all leukemia, myeloid leukemia,
and, in some cases chronic myeloid leukemia. In contrast, early
studies of formaldehyde exposure in manufacturing environments
did not show the same associations, although several case-
control studies did suggest associations between formaldehyde
exposure and various lymphohematopoietic (LHP) malighancies.
More recent epidemiologic investigations in large industrial
cohorts further support the association of leukemia and other LHP
malignancies with formaldehyde exposure. Despite these
associations, there is debate in the scientific community
concerning the biological plausibility of these associations due to
the reactive nature of formaldehyde. This session presents a
review of epidemiological studies and their interpretation
regarding the incidence of LHP malignancies in formaldehyde-
exposed workers, as well as new insights into mode(s) of action
for formaldehyde-induced LHP malighancies. Finally, these new
understandings are discussed in terms of an improved evaluation
of human health risk from formaldehyde exposure. (Disclaimer:
The views expressed in this abstract are those of the authors and
do not represent U.S. EPA policy or endorsement.)
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S38

DNA Repair in Caulobacter crescentus. Menck CFM. Inst. of
Biomedical Sciences, Univ. of Sao Paulo, Sac Paulo, SP, Brazil.

The gamma proteobacteria Escherichia coli has been
the most studied bacteria for cells” responses to DNA damage.
However, genome projects have revealed that other bacteria have
developed other strategies to prevent cell death after genome
insult.  Caulobacter crescentus belongs to the alpha
proteobacteria group and it has been used as a model for
bacterial cell cycle and differentiation studies. We have initiated a
systematic study on the mechanisms Caulobacter respond to
DNA damage with the hope to understand how cell cycle is
related to these responses. Using in silico and in vitro
approaches, the SOS regulon for C.crescentus was
characterized, and it allowed the identification of a different
operon related to translesion synthesis and targeted mutagenesis.
Moreover, a library of mutants, generated by Tn5 transposon
insertion, was screened for clones with increased spontaneous
mutagenesis frequency and sensitivity to the genotoxic agents
UVB and MMS. The mutated genes in these clones were
identified. Many of these genes were known as related to the
processing of DNA damage in other bacteria, however, we also
identified many that are involved in other functions. Membrane
transport and cell energetic metabolism were the functions mostly
represented, and the mutations may affect the oxidative stress in
these bacteria, what may saturate DNA repair responses. Genes
related to gene regulation and signal transduction were also
detected in this screening, and they may be intermediates of cell
responses to DNA damage. Particularly interesting are kinases
which may provide a link on how the processing of DNA lesions
alerts the cells in order to remove them and control cell cycle.
Financial Support: FAPESP and CNPq.
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A Pesticide or Its Commercial Formulation, Which of the Two
is More Deleterious? Larramendy ML, Soloneski S. Faculty of
Natural Sciences and Museum, National University of La Plata, La
Plata, Argentina.

Living species are inevitably exposed to pesticides
since their use has been increasing steadily worldwide. In
epidemiological and experimental clastogenesis studies, there is
an increasing interest in biomonitoring markers to provide or to
give a clue for the biologically active/passive exposure to
genotoxic agents. Studies demonstrated that occupational
exposure to some pesticides as commercial formulations may be
related to several neoplasias/diseases. In this presentation we
evaluate comparatively the genotoxic and cytotoxic effects
exerted in mammalian cells in vitro by several pure pesticides and
their technical formulations commonly used in Argentina. Among
them it can be included the chlorinated aromatic hydrocarbon acid
herbicide 2,4-D and 2,4-D DMA®, the chlorophenoxy herbicide
Dicamba and Banvel®, the ethylene bis(dithiocarbamate)
fungicide Zineb and Azzurro®, the methyl carbamate insecticide
Carbofuran and Furadan®, the dimethylamine carbamate
insecticide Pirimicarb and Aficida®, and the macrocyclic lactone
endectocide Ivermectin and Ivomec®. The SCE, cell-cycle
progression, chromosomal aberrations, comet assay, spindle
disturbances, micronuclei, MAC, MTT and neutral red assays
were used as end-points for geno and cytotoxicity in several cell
systems (human fibroblasts and lymphocytes, and mammalian
cell lines). The results clearly demonstrated that the damage
induced by the commercial formulations is in general greater than
those produced by the pure pesticides, highlighting the presence
of deleterious components in the excipients with a toxic additive
effect over the pure chemicals.
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New Insights Into the Role of DNA Repair in Breast Cancer.
Matta J', Echenique M? Negron E' Morales L', Norman L',
Vargas W', Bayona M'. 'Ponce School of Medicine, Ponce,
Puerto Rico, Auxilio Mutuo Hospital, Ponce, Puerto Rico.

The DNA repair capacity (DRC) protects the integrity
and stability of the genome. Individual susceptibility to cancer may
partly result from inter-individual variability in their DRC. We are
conducting a large (n~500) case-control study to test the
hypothesis that a low DRC is a risk factor for breast cancer (BC).
Based on 194 BC cases and 296 controls with a median age of
52 yrs in controls and 56 in BC cases, there is a significant 47%
lower DRC in cases than in controls (p<0.001). Ongoing genomic
DNA microarray studies with 18 tumors from these patients will
provide a list of candidate DNA repair genes. DRC appears to be
associated with histological grades and tumor size. The odds ratio
was used during crude (UOR) and logistic regression analysis
(OR) to estimate the likelihood of presenting BC for various
predictors while adjusting for confounders. Both age (OR=1.03)
and DRC (OR=1.6) were strong predictors for BC. For every unit
of decrease in DRC there was 64% more likelihood of having BC
and 3.0% increase in the probability of having BC for every year
of age. Among others, predictors significantly associated with BC
(p < 0.05) were menopause after 50 yrs (UOR=1.6), hormone
replacement treatment (UOR=0.51), use of contraceptive method
(UOR= 0.7, family history of BC (UOR= 1.8), endometriosis
(UOR=0.5) and vitamin consumption (UOR=0.7). Because DRC is
an independent risk factor for BC, it could be a useful biomarker
in predicting BC risk in the population. This study is supported by
grants from the NCI Center to Reduce Health Disparities and NIH-
MBRS Program grant S06 GM008239-20.
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Early epidemiologic studies indicated an association
between leukemia and formaldehyde exposures in
nonmanufacturing environments including: mortuary workers,
medical examiners, pathologists and anatomists. Various
endpoints were cited including all leukemia, myeloid leukemia,
and, in some cases chronic myeloid leukemia. In contrast, early
studies of formaldehyde exposure in manufacturing environments
did not show the same associations, although several case-
control studies did suggest associations between formaldehyde
exposure and various lymphohematopoietic (LHP) malighancies.
More recent epidemiologic investigations in large industrial
cohorts further support the association of leukemia and other LHP
malignancies with formaldehyde exposure. Despite these
associations, there is debate in the scientific community
concerning the biological plausibility of these associations due to
the reactive nature of formaldehyde. This session presents a
review of epidemiological studies and their interpretation
regarding the incidence of LHP malignancies in formaldehyde-
exposed workers, as well as new insights into mode(s) of action
for formaldehyde-induced LHP malighancies. Finally, these new
understandings are discussed in terms of an improved evaluation
of human health risk from formaldehyde exposure. (Disclaimer:
The views expressed in this abstract are those of the authors and
do not represent U.S. EPA policy or endorsement.)
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Postnatal Development Process

ABSTRACT The aim of this study was to examine the effects of formaldehyde
(FA) inhalation during the early postnatal period on some oxidant and
antioxidant systems of rat cerebellum in the developmental process and to
determine whether the changes were reversible or not.

After birth, 0 (control), 6, or 12 ppm FA was given to the neonatal
rats throughout 30 days. This was done by placing them for 6 h/day and
5 day/week in a glass chamber containing FA vapor. After cessation of
the FA exposing process, seven rats from each group were decapitated on
postnatal day (PND) 30 and the remaining seven rats were decapitated on
the PND 90, and all cerebellums were removed immediately. On samples,
levels of malondialdehyde (MDA) and nitric oxide (NO) and activities of total
superoxide dismutase (t-SOD) and glutathione peroxidase (GSH-px) enzymes
were measured.

We found that activity of GSH-Px and levels of MDA and NO increased; on
the other hand, activity of t-SOD decreased significantly in the rats treated with
FA compared to control rats at PND 30. In general, the findings at PND 90 were
similar to PND 30. Additionally, we observed that the 12-ppm FA-inhaling rats
were more affected than the 6-ppm FA-inhaling rats, especially at PND 30.
As a result, the present findings suggest that inhalation of FA during the early
postnatal period affects the oxidant and antioxidant systems and increases some
free radicals in the rat cerebellum in a dose-related manner. We think that these
changes were carried on for a long time or may cause irreversible toxicity and
oxidative damage.

KEYWORDS
opment; Rat

Formaldehyde; Cerebellum; Oxidant Antioxidant Status; Postnatal Devel-

INTRODUCTION

Formaldehyde (FA) is an important chemical compound that is used widely in the
industrial and medical setting. FA is used in industry for the manufacture of building
materials and numerous household products. It is found in nature and in domestic
and polluted air and is also a byproduct of cigarette smoke, photochemical smoke, and
combustion of fuels (Aslan et al. 2006; Bernestein et al. 1984; Cohen et al. 1998; Sari et
al. 2004). Thus, everyone living in society including children may be affected by FA. The
use of FA in the medical setting is of concern for medical employees. It is a bactericidal
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and tissue-preservative agent. Especially anatomists, histologists,
and medical students having dissection lectures are frequently
exposed to FA gas (Cohen et al. 1998; Smith 1992; Songur
et al. 2003).

Reactive oxygen species (ROS) are essential to many normal
biological processes and are produced physiologically. But
excessive production and gathering of ROS (or impairment of
the antioxidant systems) can become hazardous to cells and
tissues (Sarsilmaz et al. 2003; Songur et al. 2004; Tian et al.
2005). ROS have been implicated in brain injury. Since the rates
of oxidative metabolic activities are high and the antioxidant
enzymes activities are low in the brain, neurons are more
vulnerable to toxic or ischemic occurrences (Tian et al. 2005;
Irmak et al. 2003).

In recent years, many articles related with the harmful effects
of inhaled FA have been published. FA exhibits dose-related
toxicity and its harmful effects increase at room temperature
due to increased evaporation (Cohen et al. 1998; Smith 1992;
Sari et al. 2004; Sarnak et al. 1999; Songur et al. 2003; Tang
et al. 2003). Inhaled FA has adverse effects on the central
nervous system such as headaches, malaise, insomnia, anorexia,
and dizziness (Songur et al. 2004; Harris et al. 1981). There
are relations between indoor FA concentrations and the sick
building syndrome, which is a form of multiple chemical
sensitivity (Sari et al. 2004; Kim et al. 2002). Long-term exposure
to FA causes irreversible neurotoxicity (Kilburn 1994) and
is related to brain cancer (astrocytoma) (Stroup et al. 1986).
Inhaled FA has been shown to cause behavioral and memory
disorders in rats and has been classified as “probably neurotoxic”
(Pitten et al. 2000; Sorg and Hochstatter 1999). In our previous
studies, it was demonstrated that inhaled FA during the early
postnatal period (first 30 days) causes retardation in body
growth, an increase in Hsp70 synthesis, and damage in the
hippocampus (Songur et al. 2003) and an increase in dentate
gyrus volume (Aslan et al. 2006) of rats at postnatal day 30.
Also, we found that FA treatment causes neuronal damage, an
increase in MDA, and a decrease in SOD and GSH-Px levels
in the prefrontal cortex (Zararsiz et al. 2006) and alters zinc,
copper, and iron levels in the cerebral cortex of rats (Ozen et al.
2003). However, its toxic effects on cerebellum have not been
clarified yet.

The aim of this study was to investigate the effect of inhaled
FA during the early postnatal period on oxidant/antioxidant
status in the rat’s cerebellum in the developmental process and
to determine whether the changes are reversible or not.

METHODS

Experimental Design

Our study was approved by Firat University Animal Ethical
Committee and was performed in accordance with the Animal
Welfare Act and the Guide for the Care and Use of Laboratory
Animals prepared by the Firat University Animal Ethical
Committee. Three vitreous quadrangular chambers (20 x 50
x 100 cm) were prepared. The circulation of the air in the
chambers was fixed at 10 L/min using air pumps. The FA gas was
generated by thermal depolymerization of paraformaldehyde
(Merck AG, Darmstadt, Germany) at 70 to 90°C according to
the method described by Chang et al. (1983). It was pumped
from the production area to the chambers at the desired
concentrations and times.

A. Songur et al.

TABLE 1 The doses and inhalation period of formaldehyde
(FA) and decapitation dates of rats exposed to FA throughout 30
days beginning at birth

FA doses FA exposure Decapitation
Groups (ppm) period (days) time (day)
| 0 (control) 30 30
] 6 30 30
1] 12 30 30
v 0 (control) 30 20
Vv 6 30 20
VI 12 30 20

First, mature male and female albino Wistar rats (aged 10-12
weeks) obtained from the Firat University Biomedical Research
Unit of the Institute of Health Sciences were mated. The groups
were arranged with pups born at the same time and put in the
chambers after birth. FA gas was pumped into each vitreous
chamber at concentrations 0 (control), 6 (mean 6.1), and 12
ppm (mean 12.1) for 30 days (6 hours/day; 5 days/week). The
concentrations were regularly monitored with a formaldehyde
monitor (Environmental Sensors Co., Boca Raton FL, USA).
After the treatment, rats were divided into six groups for
decapitation at 30 (PND 30) and 90 (PND 90) days (Table 1).

Animal Keeping

Pups were kept in chambers for 2 weeks continuously with
their mothers. After 2 weeks they were kept in plastic cages
and transferred into the chambers only during the treatment.
The chambers and plastic cages were cleaned regularly. Water
(tap water) and food (Institutes’ stock diet) were replaced
every day. The rats were checked daily and body weights were
recorded every week and just before the decapitation. During
the study the temperature of the chambers and the room air
were maintained at 25 + 2°C, the humidity at 40% to 50%,
and light at a 12 h day/I2 h night cycle. Food and water were
provided ad libitum during the FA treatment and rest of the
time.

On the day of decapitation, seven male rats from each group
were sacrificed by decapitation under ether anesthesia and their
brains were removed immediately. The left cerebellar hemi-
spheres were dissected and stored at -80°C until biochemical
analysis.

Biochemical Analysis

For biochemical analysis, cerebellums were weighed and
homogenized (Ultra Turrax T25, Germany) in five volumes
of ice-cold Tris—HCI buffer (50 mM/L, pH 7.4) for 2 min at
13,000 rpm. NO and MDA measurements were carried out
at that stage of homogenization. The homogenate was then
centrifuged at 5,000 x g for 30 min to remove debris. For
a further extraction procedure, the supernatant was extracted
with ethanol/chloroform mixture (5:3 v/v). After a second
centrifugation at 5,000 x g for 20 min, the clear upper layer
(the ethanol phase) was taken and used in SOD activity
determination. All procedures were performed at +4°C. Protein

570





TABLE 2 The comparison of malondialdehyde (MDA) and nitric oxide (NO) levels and total superoxide dismutase (t-SOD) and

glutathione peroxidase (GSH-Px) activities in the cerebellum of rats in the different groups (n = 7 for each group)

MDA NO SOD GSH-Px

Group (nmol/g wet tissue) (umol/g wet tissue) (U/mg protein) (U/mg protein)
| 56.929 4-3.485 0.504 4-0.021 0.6444+-0.036 28.55 4 0.907
Il 110.111+£4.307 0.62040.027 0.4544-0.031 40.67 + 1.499
1] 153.710£9.625 0.882+0.054 0.394+0.051 48.39 + 0.958
v 67.300+4.753 0.597+0.018 0.615+0.028 25.46 + 0.938
Vv 89.043 £5.194 0.78040.046 0.3974+0.036 40.65 + 1.513
VI 130.738 +£6.295 0.808 4-0.041 0.2904-0.048 38.10 4 1.045
p values

11 0.001 0.017 0.004 0.001

1= 0.001 0.001 0.002 0.001

[[]] 0.001 0.002 NS 0.004

IvV-v 0.011 0.004 0.001 0.001

IV-VI 0.001 0.001 0.001 0.001

V=VI 0.001 NS NS NS

The data represents means & SEM. NS, not significant (p >0.05).

measurements of the cerebellum were made at all stages
according to Lowry’s method (Lowry et al. 1951).

Determination of Nitric Oxide

NO measurement is difficult in biological specimens, be-
cause it is rapidly oxidized to nitrite (NO?~) and subsequently
to nitrate (NO3~), which serve as indicators of NO production
(Sahin et al. 2002). The method for determination of cerebellar
nitrite and nitrate levels was based on the Griess reaction (Cortas
and Wakid 1990). Samples were initially deproteinized with
Somogyi reagent. Total nitrite (NO?~ + NO®~) was measured
by spectrophotometry (Shimadzu, UV-Pharmaspec 1700, Japan)
at 545 nm after the conversion of NO?~ to NO*~ by copperized
cadmium (Cd) granules. Results were expressed as micromole
per gram tissue protein (umol/g wet tissue).

Determination of Malondialdehyde

Measurement of MDA levels was based on the coupling of
MDA with thiobarbituric acid at +95°C (Wasowicz et al. 1993).
Results were expressed as nanomole per gram wet tissue (nmol/g
wet tissue).

Determination of SOD Activity

Total (Cu-Zn and Mn) SOD (EC 1.15.1.1) activity was
determined according to the method of Sun et al. (1988), with
a slight modification by Durak et al. (1993). The principle of
the method is based on the inhibition of NBT reduction by the
xanthine-xanthine oxidase system as a superoxide generator.
Activity was assessed in the ethanol phase of the supernatant
after 1.0 mL of ethanol-chloroform mixture (5:3 v/v) was added
to the same volume of sample and centrifuged. One unit of
SOD was defined as the enzyme amount causing 50% inhibition
in the NBT reduction rate. The SOD activity was expressed as
unit per mg tissue protein (U/mg protein).
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Determination of GSH-Px Activity

GSH-Px activity was determined according to the method of
Paglia et al. (1967). Results were expressed as unit per mg tissue
protein (U/mg proteing).

Statistical Analysis

The data were presented as means =+ standard error of means
(SEM). A computer program (SPSS 9.0, SPSS Inc., Chicago, IL,
USA) was used for statistical analysis. Distribution of the groups
was analyzed with the Shapiro-Wilk test. As they showed normal
distribution, parametric statistical methods were used to analyze
the data. One-way analysis of variance (ANOVA) was used to
compare continued variables between the each groups, Least
significant difference (LSD) was performed for comparison with
the intergroup variables. p <0.05 was considered as statistically
significant.

RESULTS

The biochemical results of the cerebellar tissue assays are
summarized in Table 2 and (Fig. 1). According to Table 2, the
levels of MDA and NO were significantly increased in 6-ppm (p
values 0.001 and 0.017, respectively) and 12-ppm (p value 0.001
for each group) FA-inhaling rats in comparison with control rats
at PND 30. The same trend was observed for rats at PND 90.
It was also observed that 12-ppm FA-inhaling rats were more
affected than 6-ppm FA-inhaling rats, especially at PND 30.

The activities of SOD at PND 30 and PND 90 were decreased
in 6-ppm (p value 0.004 and 0.001, respectively) and 12-ppm (p
value 0.002 and 0.001, respectively) FA-inhaling rats compared
to control rats. There was no significant difference between the
6- and 12-ppm FA-inhaling rats.

The GSH-Px activity at PND 30 and PND 90 was increased
in 6-ppm (p value 0.001 in each group) and 12-ppm (p value
0.001 in each group) FA-inhaling rats compared to control rats.
There was no significant difference between the 6- and 12-ppm
FA-inhaling rats at PND 90.
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peroxidase (GSH-Px) activities at the decapitation days.

DISCUSSION

FA has a neurotoxic and a slight carcinogenic effect.
Although the neuron cytotoxic action of FA is not fully
understood, it is thought to be mediated by the activation of
free radical producing enzymes and also by the inhibition of free
radical scavenger systems, thereby enhancing the production of
the ROS. It has also been shown that FA and methanol are
substrates for cytochrome P-450 monooxygenase system II E1
isozyme, which is important in the brain (Whelan et al. 1998)
and can thus be oxidized by the endoplasmic reticulum by
peroxidase, aldehyde oxidase, and xanthine oxidase (Cooper
and Kini 1962). Activity of these enzymes has previously
been shown to exhibit an unusually high rate of oxidase
activity with the subsequent formation of ROS. The result of
ROS formation is damage to an array of biomolecules found
in tissues, including membrane lipids, proteins, and nucleic
acids. The central nervous system including the cerebellum is
especially prone to radical damage, as it has a high rate of
oxidative metabolic activities (e.g., catecholamine degradation,
etc.) in contrast to a low level of antioxidant enzymes (e.g.,
SOD, CAT, GSH-Px), and it has a high content of easily
peroxidizable unsaturated fatty acids and requires very high
amounts of oxygen per unit weight (Kilburn et al. 1987; Upreti
et al. 1987). Membrane-associated polyunsaturated fatty acids
are readily attached by ROS in a process that results in the
peroxidation of lipids. Peroxidation of membrane lipids can
disrupt membrane fluidity and cell compartmentation, which
can result in cell lysis. Thus, oxygen radical-initiated lipid
peroxidation and protein oxidation may contribute to the
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impaired cellular function and necrosis associated with toxicity
of FA or its derivatives (Datta and Namasivayam 2003; Harris
1992).

The results of the present study indicate that exposure to FA
during the early postnatal period causes a significant increase
in the levels of MDA and NO and the activity of GSH-Px,
as well as a significant decrease in SOD activity at PND 30.
In general, the findings at PND 90 were similar to PND 30.
Additionally, we observed that the 12-ppm FA-inhaling rats
were more affected than the 6-ppm FA-inhaling rats, especially
at PND 30. The catabolism of FA is presumably the same,
whether it is exogenously taken up into the blood or produced
endogenously. FA is metabolized to formic acid enzymatically
and then eliminated from the body. Of the many enzymes
catalyzing this reaction, the most important is NAD-dependent
FA dehydrogenase. This enzyme, mainly found in the liver,
detoxifies FA reaching the liver from the circulation and uses
NAD as cofactor (Strittmatter et al. 1955).

The antioxidant defense system operates through enzymatic
and nonenzymatic components. Antioxidant enzyme SOD is
the first line of defense to scavenge superoxide anions generated
in cytosolic and mitochondrial compartments of the cell. The
function of this enzyme is to convert two superoxide radical
molecules into oxygen and hydrogen peroxide. We found that
the activity of SOD decreased significantly in the rats treated
with FA compared to control rats at PND 30 and PND 90. The
primary defense system against ROS attacks is SOD in the nerve
tissues. We think that the decrease in the SOD activities in the
FA-exposed rats indicates that SOD is consumed to detoxify
ROS.
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It has been suggested that there may be a relation between
lipid and protein oxidation and tissue injury. Teng et al. (2001)
reported that the addition of FA to hepatocytes resulted in the
generation of ROS and induction of lipid peroxidation in a
dose- and time-dependent manner. In this experiment, it was
found that FA significantly increased tissue MDA levels. We
think that the excessive increases in MDA and NO levels in the
12-ppm FA-inhaling rats (groups III and VI) compared to 6-ppm
FA-inhaling rats (groups Il and IV) may be due to increased lipid
and protein peroxidation, and increased neuron injury in the
cerebellum in a dose-related manner. Also, the continuity and
exacerbation of these changes in PND 90 rats compared to
PND 30 rats suggest that these effects are permanent or may be
retained for a long time.

FA is a highly reactive compound and easily reacts with
amino acid residues of proteins. A postulated mechanism of
its neurotoxicity is the production of epoxides, which bind
to axonal neurofilaments and render them nonfunctional. As
axonal neurofilaments are implicated in rapid axonal transport
of protein, axonal transport becomes progressively abnormal
(Kilburn 1994). The resulting hydroxymethyl derivatives react
with nucleophilic groups and form methylene bridges. Conse-
quently, intramolecular and intermolecular bonds occur. These
bonds not only result in changes in protein functions, but also
cause changes in their structure and physiochemical features
(Kilburn et al. 1987). In epidemiologic studies, several serious
and irreversible central nervous system disorders including
convulsions, toxic encephalopathy, and disorders in memory
and cognitive functions were reported in persons exposed to FA
for 2 years (Kilburn 1994; Kilburn et al. 1987). It was observed
that inhaled FA at 11 ppm for 7 days or 1 ppm for 20 days
caused increase in cocaine-induced locomotor activity and the
conditioned fear response to the odor (Sorg and Hochstatter
1999). Pitten et al. (2000) noted an increase in the time required
to find food and the number of mistakes caused by subchronic
FA inhalation (2.6 and 4.6 ppm FA, 10 min/day, 3 months).
In previous studies, we found that systemic FA treatment
can cause neuronal cell damage, increases in MDA level, and
decreases in SOD and GSH-Px activities in the prefrontal cortex
(Zararsiz et al. 2006) and alter zinc, copper, and iron levels
in the cerebral cortex (Ozen et al. 2003) of adult rats. Also,
we observed that FA inhaled during the early postnatal period
causes retardation in body growth, increases in Hsp70 synthesis,
and damage in the hippocampus (Songur et al. 2003); increases
in dentate gyrus volume (Aslan et al. 2006); and changes in
volumes of hemispheres and hippocampus (Sarsilmaz 2007)
in rats. These studies suggest that FA inhalation may affect
the central nervous system. Our results are in agreement with
reports of other workers, which suggest that FA exposure in
experimental animals causes depression of their antioxidant
system due to increased lipid peroxidation and formation of
free radicals (Datta and Namasivayam 2003; Gurel et al. 2005;
Zararsiz et al. 2006).

FA is rapidly metabolized to formic acid in the liver and
erythrocytes of living organisms. The binding of FA to proteins
and nucleic acids after metabolism is called metabolic binding.
A direct binding reaction without metabolism, usually in nasal
mucosa, is called irreversible or covalent binding. Direct binding
of FA causes necrosis and allergic and mutagenic effects in
living organisms (Songur et al. 2003; Upreti et al. 1987). The
FA gas causes injuries and denaturation in the nasal mucosa at
a concentration of 6 ppm and over. For this reason 6 ppm and
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higher concentrations of FA have been accepted as a cytotoxic
dose for the nasal mucosa (Upreti et al. 1987; Morgan 1997).
In our study, we hypothesized that FA inhaled at a cytotoxic
dose may cause damage in the cerebellum of rats by metabolic
binding.

In some studies, researchers recommend the usage of
vitamins E and C for the treatment of certain brain diseases.
These vitamins protect the membranous structures from lipid
peroxidation. It was shown that besides their antioxidant effects,
these vitamins decrease the production of free radicals by
auto-oxidation by reacting with brain catecholamines (Gurel
et al. 2005; Herken et al. 2001; Beauclair et al. 1987). We think
that, due to their antioxidant effects, these two vitamins may be
thought to be important preventive agents against FA toxicity.

Thus, the present findings suggest that inhalation of FA
during the early postnatal period affects the oxidant and
antioxidant systems and increases free radical production in the
rat cerebellum in a dose-related manner. We think that these
changes could last for extended periods, or indeed may cause
irreversible toxicity and oxidative damage.
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Abstract. Alcohol dehydrogenase 3 (ADH3) is highly
conserved, ubiquitously expressed in mammals and
involved in essential cellular pathways. A large active
site pocket entails special substrate specificities: short-
chain alcohols are poor substrates, while medium-chain
alcohols and particularly the glutathione adducts S-
hydroxymethylglutathione (HMGSH) and S-nitroso-
glutathione (GSNO) are efficiently converted under
concomitant use of NAD"/NADH. By oxidation of
HMGSH, the spontaneous glutathione adduct of
formaldehyde, ADH3 is implicated in the detoxifica-

tion of formaldehyde. Through the GSNO reductase
activity, ADH3 can affect the transnitrosation equili-
brium between GSNO and S-nitrosated proteins,
arguing for an important role in NO homeostasis.
Recent findings suggest that ADH3-mediated GSNO
reduction and subsequent product formation responds
to redox states in terms of NADH availability and
glutathione levels. Finally, a dual function of ADH3 is
discussed in view of its potential implications for
asthma.

Keywords. Alcohol dehydrogenase, formaldehyde, metabolic interaction, S-nitrosoglutathione, protein S-

nitrosation.

Introduction

Alcohol dehydrogenase 3 (ADH3) is of widespread
occurrence in both prokaryotic and eukaryotic organ-
isms [1-6]. Species variability assessed by compre-
hensive genome screens and sequence comparisons
among members of the alcohol dehydrogenase
(ADH) family shows that ADH3 is the ancestral
form [4, 5, 7]. The universal presence and structural
conservation imply that ADH3 performs essential
functions in living organisms.

Accordingly, ADH3 is implicated in essential signal-
ing and metabolic pathways [8—17]. By oxidizing S-
hydroxymethylglutathione (HMGSH), the spontane-
ous glutathione (GSH) adduct of formaldehyde,
ADH3 constitutes a key enzyme in the detoxification

* Corresponding author.

of endogenous and exogenous formaldehyde [18-20].
Other functions attributed to ADH3 include first-pass
ethanol metabolism, contribution to retinoic acid
formation and oxidation of w-hydroxy fatty acids [8,
17, 21, 22]. Furthermore, since ADH3 has been
discovered to efficiently reduce the S-nitrosothiol S-
nitrosoglutathione (GSNO), an important role of this
enzyme also in NO homeostasis has been suggested
[12, 13, 15, 23]. Within this review, we describe the
unique features and the complexity of the ADH3
enzyme.

Throughout time, different ADH nomenclatures have
been used which may result in confusion, particularly
considering early reports where ADH3 was referred
to as glutathione-dependent formaldehyde dehydro-
genase, yx alcohol dehydrogenase or class 111 alcohol
dehydrogenase. Moreover, since ADH3 has been
discovered to exhibit GSNO-reducing activity, several
reports have referred to ADH3 as GSNO reductase
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(GSNOR) [24,25]. Further complexity is added by the
fact that the gene nomenclature was not updated in
parallel with the protein nomenclature [1,26], and the
gene coding for human ADH3 has been named
ADHS5. Here, we follow the most recently published
recommendation [26].

Tissue distribution and associated functions

Extensive studies on ADH distribution in human and
rodent tissues including fetal tissues have established
that ADH3 is expressed ubiquitously and with rela-
tively little inter-tissue variation in mammals, in
contrast to other ADHs [27-34]. Notably, the tissues
examined include major targets for damage from the
inhalation of formaldehyde such as the nasal and
buccal mucosa and the lower respiratory tract, sug-
gesting that ADH3 is the main scavenger of exoge-
nous formaldehyde [19, 28, 32]. However, formalde-
hyde is also released during intracellular metabolism
of endogenous compounds or xenobiotics [35-40].
Expression of ADH3 might thus fulfill a protective
role against DNA damage resulting from endogenous
as well as exogenous sources of formaldehyde [38].
Supportive of this conclusion, ADH3 has been
demonstrated to be localized not only to the cyto-
plasm but also to the nucleus [41, 42]. Correspond-
ingly, formaldehyde toxicity in Adh3 null mutant mice
was shown to be significantly increased relative to that
in wild-type mice [43].

Additionally, in its function as GSNO reductase,
ADH3 appears to be involved in the regulation of
protein S-nitrosation, due to the dynamic equilibri-
um between S-nitrosothiols and GSNO [12, 13, 15,
24]. Protein S-nitrosation, the post-translational
modification of a cysteine side chain by the attach-
ment of a nitrosyl group, is emerging as an omnipre-
sent mechanism in cellular functions and pathways
and underlies as such a large part of NO signaling
[44]. Interestingly, ADH3 is the only ADH present in
rodent and human brain tissue, where NO acts as a
neuroprotectant or neurotoxicant in a concentration-
dependent manner, both effects involving protein S-
nitrosation reactions [28-30, 33, 45, 46]. Several
reports have demonstrated the presence of GSNO in
brain tissue [47, 48], and ADH3 activity has been
shown to influence levels of cellular S-nitrosothiols
[23, 24].

Due to the ubiquitous expression pattern in mamma-
lian tissues, ADH3 has been ascribed a housekeeping
role in living organisms. However, a defined expres-
sion pattern has been found in zebrafish and a
distinctly tissue-specific pattern during embryonic
development in amphioxus (Branchiostoma), the sea
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squirt (Ciona intestinalis) and the fruit fly (Drosophi-
la) [3, 49]. These results suggest important ADH3
roles in embryonic development.

Spatial distribution of ADH3 has also been studied in
plants, albeit to a lesser extent. Transcript assessment
demonstrated similar levels of ADH3 mRNA in all
plant organs of Arabidopsis thaliana [11]. However,
more recently, these studies were complemented by
assessment of protein and activity levels showing, in
contrast to the ubiquitous transcript, differential
distribution of the protein with the highest levels in
roots and rosette leaves [50].

Structure-function relationships

Like other enzymes of the medium chain dehydrogen-
ase/reductase (MDR)-ADH family, ADH3 exhibits a
dimeric structure with two zinc ions per 40 kDa
subunit [51]. While one of the zinc ions is considered
to serve a structural function only, the other zinc ion
functions as a Lewis acid and activates the substrate in
the active site, which is located in a cleft between the
catalytic and the coenzyme binding domain of the
enzyme. ADH3 differs markedly from the classical
ethanol-oxidizing ADHs (ADHI1 enzymes) in sub-
strate specificity and kinetic properties. These differ-
ences are consistent with structural changes in the
immediate vicinity of and within the active site [51;
Eklund, this series].

Relating to the substrate specificity, residues 53-59
and 113-120 are positioned away from the catalytic
cleft, thus enlarging the active site substantially versus
the classical class I type and generating a broader
entrance to the substrate-binding pocket [51]. Hence
an active site is created that cannot be saturated with
ethanol, but accommodates larger substrates such as
HMGSH, GSNO, medium-chain alcohols, aldehydes
and w-hydroxy fatty acids [2, 20, 52]. Several residues
within the active site which are different from those in
the ADH1 enzymes play critical roles. Among those,
Argl14 provides a positive charge in the substrate-
binding pocket and facilitates the binding and correct
orientation of negatively charged substrates, activa-
tors and inhibitors [51-54]. As a result, Argll4 is
essential for hydrophobic anion activation of ethanol
dehydrogenase activity and for the binding of -
hydroxy fatty acids [22, 53, 55]. Argl14 and the active-
site zinc, as well as to a lesser extent residues Thr46,
Asp55 and Glu57 are responsible for the efficient
binding of HMGSH [51, 54, 55]. Most likely the same
residues are responsible for the binding of GSNO
(Fig. 1). Another ADH3-specific property is low
sensitivity towards 4-methylpyrazol, a potent inhibitor
of ADH1 enzymes, which is mainly attributed to the
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Figure 1. Dimeric structure and active site of ADH3. (Left:) The dimeric structure of ADH3, showing different monomers (green and
yellow) and the position of zinc atoms (cyan), coenzymes and GSNO (only yellow monomer). (Right:) Close-up view of the active site with
the coenzyme and the substrate GSNO, demonstrating orientation of the substrate between the active-site zinc and Argl14. GSNO was
docked into ADH3 (pdb-file IMC5) using ICM software (Molsoft) [104].

substitution of Phe93 in ADH1 with Tyr in ADH3
(Tyr92) [56].

Oxidation of HMGSH and 12-hydroxydodecanoic
acid under concomitant conversion of NAD™" appears
to follow a random bi-bi kinetic mechanism in agree-
ment with the noticed tertiary structure differences
between the apoenzyme and binary and ternary
complexes [52—-54, 57]. Thus, binding of the substrate
or NAD(H) does not entail significant domain move-
ments as observed upon coenzyme binding in ADH1
enzymes, where an ordered bi-bi kinetic mechanism is
predominant. In contrast, domain closure in ADH3 is
executed upon ternary complex formation [57].

ADHS3 in oxidative pathways

Formaldehyde

Because of the polarized carbonyl group formalde-
hyde is a highly reactive compound that can be
attacked either by a nucleophile or an electrophile and
can participate in substitution and addition reactions.
In a cellular milieu, there are a variety of potential
reactants for formaldehyde, including thiols which will
form hemithioacetals as e.g. HMGSH, spontaneously
formed from GSH and formaldehyde, or amines
which will form Schiff bases. Importantly, the latter
reaction represents the first step in the formation of
DNA-DNA, DNA-protein and protein-protein cross-
links, where amino groups present in DNA and
proteins are covalently linked via a methylene bridge

derived from formaldehyde [58]. Ultimately, the high
DNA reactivity leads to mutagenic effects and chro-
mosomal changes which combined with formalde-
hyde-associated activation of proliferation are con-
sidered to form the basis for formaldehyde carcino-
genicity [59, 60].

Formaldehyde is part of the one carbon pool, which
includes the metabolism of serine and glycine, and is
also a product of oxidative demethylation of xeno-
biotics by cytochrome P450 enzymes [35-40]. In the
light of the genotoxic and cytotoxic effects it is not
surprising that several formaldehyde detoxification
systems have evolved. In humans, two members of the
divergent aldehyde dehydrogenase (ALDH) super-
family, namely a cytosolic (ALDH1A1) and a mito-
chondrial (ALDH2) enzyme, can metabolize formal-
dehyde directly, but exhibit K, values for free
formaldehyde that are several magnitudes higher
than the one ADH3 exhibits for HMGSH [61-64].
Clearly, ADH3 is the most efficient formaldehyde-
metabolizing enzyme in vitro among all elucidated
enzymes so far, and most likely equally efficient under
cellular redox conditions, i.e. with glutathione present
in millimolar concentrations and a high NAD"/
NADH ratio. In contrast to the vast number of studies
carried out in vitro, only a few functional studies have
been performed. Nonetheless, these studies uniformly
argue for the importance of ADH3 in formaldehyde
resistance of prokaryotes exemplified by an Escher-
ichia coli strain, and eukaryotes, exemplified by
Arabidopsis thaliana and mice [43, 65, 66].
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Ethanol

ADH3 shows very poor activity towards ethanol, and
the human enzyme exhibits non-hyperbolic kinetics
with ethanol concentrations up to 3.5 M [21, 22, 67,
68]. ADH3 is thus considered to play only a minor role
in hepatic alcohol metabolism because ethanol con-
centrations rarely exceed 50 mM (equivalent to 2.3%o
blood concentration). The main pathway for ethanol
detoxification in the liver involves the ADHI1 en-
zymes, which may be assisted by an ethanol-inducible
pathway, mediated by cytochrome P450 2E1 [69].
However, during ethanol intake a significant amount
is metabolized already in the gastric lumen, where
ethanol concentrations can be as high as 1.5 M [70]. At
high ethanol concentration ADH3 displays positive
cooperativity with ethanol (0.5-3.5 M) compatible
with a contribution to first-pass metabolism in vivo,
despite negligible activity with ethanol at lower
concentrations [21].

Fatty acids and o-hydroxy fatty acids

Dependent on carbon chain length and preferably at
alkaline pH, fatty acids can act as activators of short-
chain alcohol oxidation. Ethanol oxidation, for in-
stance, is considerably activated by octanoic acid [22,
55]. The optimal size of activator/substrate pair lies
around 10 carbon atoms: For instance, activation of
ethanol oxidation is highest with octanoic acid, while
activation of methylcrotyl alcohol oxidation is highest
with pentanoic acid [22]. In contrast, dodecanoic acid
inhibits ADH3 irrespective of substrate, and of all w-
hydroxy fatty acids, 12-hydroxydodecanoic acid is the
best substrate for ADH3 [8, 53, 71]. Clearly, these
chain length-dependent activities reflect the dimen-
sions of the large active site. As described above,
Argl14is essential for activation by fatty acids, as well
as for oxidation of 12-hydroxydodecanoic acid and
HMGSH.

It is unclear whether activation or inhibition by fatty
acids is of physiological importance. Activation of
ethanol oxidation by fatty acids is probably not
powerful enough at physiological pH to allow
ADHS3 to contribute significantly to ethanol detox-
ification. It is conceivable that inhibition of ADH3 by
medium-chain fatty acids as e.g. dodecanoic acid plays
a role in vivo, because fatty acids are ubiquitous and
readily transported into the cell [72]. Furthermore,
cytochrome P450 enzymes and other enzymes that are
capable of catalyzing w-hydroxylation of fatty acids
exist in bacteria, animals and plants, resulting in
endogenous generation of 12-hydroxydodecanoic
acid and other w-hydroxy fatty acids [73, 74].
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Retinoid metabolism

Participation of ADH3 in retinol oxidation has been
studied with the mouse enzyme, where oxidation of
all-trans-retinol in vitro is very low in comparison to
the more efficient enzymes ADH1 and ADH4 [17].
Nonetheless, Adh3-deficient mice demonstrate sig-
nificantly decreased levels of all-trans-retinoic acid in
serum, providing evidence for the involvement of
ADH3 in retinoic acid formation in vivo. It has been
proposed that the ubiquitous expression pattern, and
the co-expression with retinaldehyde dehydrogenases,
could compensate for poor catalytic activity [17]. In
contrast, expression of ADH4, an efficient retinol
oxidation catalyst in vitro, is limited to the gastric
epithelium, does not overlap with expression of
potential enzymes for the second step in retinoic
acid biosynthesis, and all-trans-retinoic acid levels in
serum of Adh4-deficient mice were not significantly
altered [31, 43].

ADH3 in NO homeostasis: importance of cellular
redox state

Protein S-nitrosation and GSNO

NO synthase activity has been discovered in bacteria,
yeast, protozoa and metazoa. As a biological messen-
ger it thus seems similarly widespread as the ADH3
function [2, 75]. Intracellular NO signaling is in part
mediated through S-nitrosation, the attachment of an
NO moiety to sulfhydryl groups of cysteine residues
[44]. S-nitrosated proteins appear to be in transnitro-
sation equilibrium with GSNO, the most common low
molecular weight S-nitrosothiol [23, 24, 76]. In the
presence of NADH, GSNO is efficiently and irrever-
sibly reduced by ADH3, an activity which appears to
be conserved from prokaryotic ADH3 [13, 77, 78] to
eukaryotic ADH3, including plant [14], yeast [42],
non-vertebrate [16] and mammalian ADH3 enzymes
[12, 13, 15, 64]. Currently, more than 100 potential
targets for S-nitrosation have been identified, includ-
ing proteins involved in cellular processes as diverse as
apoptosis, membrane trafficking and iron homeostasis
[44]. It is thus not surprising that deregulated levels of
cellular S-nitrosothiols are often associated with
disease [24, 79-81].

Metabolism of GSNO

At present, metabolism of S-nitrosothiols is not well
understood. Several enzyme systems have been pro-
posed to be involved in human GSNO metabolism
(Table 1) [64,82-85]. Among those, ADH3 stands out
by virtue of three properties: First, it is the only
GSNO-converting activity so far detected that does
not result in NO release (see note added in proof).
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Table 1. Human GSNO converting enzymatic activities (see also note added in proof).

Enzyme kinetic parameters

Reaction products

ADH3 [64] K, =11 puM
Keae = 1200 min ™"

Keo/Ky = 110 min~! pM™!

Cu/Zn superoxide dismutase [82] K, =5.6 uM

Keae = 0.3 min ™!

Kea/ K = 0.05 min~! uM ™!
Glutathione peroxidase [83] ND®
Thioredoxin system [84] K, =60 uM

K., = 36 min~!

Kea/ K = 0.6 min~! pM~!
Xanthine oxidase [85] ND®

GSNHOH? as intermediate which can be:
a) rearranged to form GSONH, [12, 15, 64] or
b) intercepted by GSH to form GSSG and NH,OH [12, 64]

GSSG and NO

GSSG and NO
GSH, NO and O,°

GSH, NO and O,°

* Reaction is NADH-dependent.
® ND, not determined.
¢ Reaction is oxygen-dependent.

4 Reaction is dependent on xanthine oxidase-mediated formation of O,.

Instead, the NO moiety is reduced and irreversibly
removed from the NO pool, compatible with an NO
terminase function [12, 15, 64]. Second, with a k,/K,,
value of 110 min™' M, it is the most efficient
GSNO-converting activity among all suggested activ-
ities, provided the appropriate cofactor NADH is
present [64]. Third, product formation appears to
respond to GSH levels, which will be discussed in
more detail below. There is evidence for the functional
involvement of ADH3 in the regulation of intra-
cellular S-nitrosothiols in living cells [23, 24]. For
instance, one study showed that the degree of down-
regulation of ADH3 by RNA interference correlated
inversely with nitrosothiol levels in cultured cells [23].
Thus, in its function as GSNO reductase, ADH3
appears indirectly to govern levels of protein S-
nitrosothiols and is therefore likely to serve an
important regulatory function in NO signaling [44].

Influence of the cellular redox potential: glutathione
The current body of data suggests that the occurrence
of ADH3-mediated GSNO reduction as well as
product formation is under control by the cellular
redox potential [64]. S-nitrosoglutathione is reduced
by ADH3 to form an intermediate which can either
rearrange to the corresponding glutathione sulfina-
mide (GSONH,) or be intercepted by GSH to form
glutathione disulfide (GSSG, Fig. 2). Typical cellular
GSH concentrations in the millimolar range deceler-
ate the ADH3-catalyzed reaction and preclude the
rearrangement to the sulfinamide by quantitative
interception of the intermediate semimercaptale [12,
64]. However, cellular GSH levels are subject to
intracellular fluctuations, and glutathione depletion
occurs under various disease conditions [86-89]. In
vitro, low GSH concentrations favor the rearrange-
ment to GSONH, [12, 64]. GSONH, in turn is

spontaneously hydrolyzed to the corresponding sul-
finic acid, GSO,H, and it is conceivable that, under
sustained or extreme oxidative stress, the sulfinic acid
could be oxidized further to form the sulfonic acid,
GSO;H. Interestingly, the three products have in-
creasing potential to inhibit glutathione transferases,
important enzymes in the cellular defense towards
xenobiotics [64]. This could represent a novel toxicity
mechanism, where severe nitrosative/oxidative stress
leads to the formation of GSH-dependent detoxifica-
tion enzymes. On the other hand, this might also be a
mechanism to prevent further GSH loss in order to
conserve residual GSH for scavenging of reactive
oxygen species (ROS). Notably, the products involved
show several parallels to redox state-dependent
modification of protein cysteine thiols and might
constitute a low molecular weight sensor for the redox
state of the cell [44]. Compatible with that hypothesis,
Arabidopsis thaliana mutants with modified ADH3
expression seem incapable of detecting intracellular
changes in the GSH pool [50]. However, future work
has to clarify the physiological relevance of GSONH,
and its derived products relative to GSSG.

Influence of the cellular redox potential: NADH

Under normal redox conditions, the cellular free
NAD*/NADH ratio can essentially be considered
unfavorable for reductive pathways [90, 91]. In
contrast, the NADP*/NADPH ratio is usually kept
low, which allows for the utilization of NADPH in
biosynthetic reductive pathways [92]. ADH3, how-
ever, cannot efficiently use the alternative cofactor
NADPH for GSNO reduction [15]. Hence, ADH3-
mediated GSNO reduction appears to be strongly
governed by NADH accessibility, and increasing
intracellular NADH levels are likely to trigger
GSNO reduction. Various factors could induce such
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GSO,H
(ROS) :

¥
GSO,H

HMGSH €«—— GSH + HCHO

Figure 2. Model for product formation of ADH3-mediated GSNO reduction responding to local GSH concentration. GSH at millimolar
concentrations decreases the rate of ADH3-mediated GSNO reduction. GSNO reduced by ADH3 to the intermediate S-(N-
hydroxyamino)-glutathione is intercepted by GSH to yield GSSG and NH,OH. Some GSNO is converted in a slow non-enzymatic reaction
to yield GSSG and a variety of nitric species, dependent on local oxygen concentrations [105, 106]. Under conditions of GSH depletion,
ADH3-mediated GSNO reduction is fast, and the intermediate S-hydroxylamino-glutathione can be spontaneously rearranged to the
GSONH,. GSONH, is partly hydrolyzed to GSO,H, which is likely to be oxidized to GSO,H under oxidative stress (ROS, reactive oxygen
species). Invariably, NADH for GSNO reduction can be provided by the oxidative ADH3 pathways as e.g. by oxidation of the glutathione

adduct of formaldehyde, HMGSH.

achange: For instance, ADH-mediated metabolism of
ethanol in hepatocytes leads to a substantial redox
shift [93]. Glutathione depletion in pheochromocyto-
ma cell lines (commonly used as a neuron model)
results in inhibition of mitochondrial complex I,
NADH dehydrogenase and could presumably entail
accumulation of NADH in the cell [94]. In addition,
ADH3 itself catalyzes oxidative reactions which
produce NADH, most importantly the oxidation of
formaldehyde. The question whether formaldehyde
and other ADH3 substrates trigger GSNO reduction
under conditions reflecting the normal -cellular
NAD*/NADH ratio was addressed in a recent study
[64].

Potential implications of a dual ADH3 function as
formaldehyde dehydrogenase and GSNO reductase

ADH3-mediated oxidation of HMGSH leads to rapid
depletion of GSNO in vitro

Oxidation of HMGSH and other alcohols by ADH3
yields NADH, a factor which should limit incidence of

GSNO reduction under normal cellular redox con-
ditions. However, it was unclear whether simultane-
ous presence of HMGSH, GSNO and both oxidized
and reduced cofactor would lead to the formation of
ternary dead-end inhibitory complexes which would
hamper both formaldehyde detoxification and GSNO
reduction. This question was addressed in in vitro
experiments where ADH3-mediated alcohol oxida-
tion was monitored in the absence and presence of
GSNO using purified ADH3 as well as crude cell
lysates [64] (Fig. 3). Reaction rates were determined
under conditions where no net NADH production
occurred as verified by fluorescence spectroscopy, i.e.
where all NADH produced was immediately con-
sumed for GSNO reduction. In the absence of GSNO,
initial reaction rates were determined using the
extinction coefficient of NADH, 6220 M~! cm™.. In
the presence of GSNO, no fluorescence emission was
observed, hence no net NADH production, and thus,
reaction rates could be determined from the initial
concurrent negative slope in absorbance at 340 nm —
corresponding to the decrease in GSNO only — using
the extinction coefficient of GSNO, 840 M~! cm™
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Figure 3. ADH3-mediated alcohol oxidation is promoted in the presence of GSNO. (A) ADH3-catalyzed octanol oxidation in the
presence and absence of 250 uM GSNO. Reactions were carried out in 0.1 M potassium phosphate, pH 7.5, containing 2.4 mM NAD", 2.0
mM octanol and 62.5 pg/ml ADH3 in the presence (lower curves) and absence (upper curves) of 250 uM GSNO. Solid lines show reactions
monitored by following the absorbance at 340 nm. Dashed lines show reactions monitored by the NADH-specific fluorescence emission at
455 nm with 340 nm as excitation wavelength. In the presence of GSNO, the initial negative slope coincides with absence of net NADH
production. (B-D) Normalized rates of alcohol oxidation in the absence (rate = 1) and presence of GSNO for the substrates (B) octanol,
(C) ethanol and (D) formaldehyde (in the form of HMGSH). For reactions with formaldehyde, the ADH3 concentration was 2.5 pg/ml, and
the reaction mixtures also contained 1 mM GSH. (E) Similar experiments were performed with crude liver lysate instead of purified ADH3
at 37 °C in 0.1 M potassium phosphate, pH 7.5 containing 2.4 mM NAD™" and 0.5 mg/ml protein. Different combinations of substrates (1
mM each) were added as indicated along the abscissa. Reactions were monitored by the absorbance at 340 nm. Results are expressed as
umol NADH formed, or for all reactions including GSNO, pumol GSNO degraded per min and g total protein. Results are presented as
mean =+ standard deviation of at least two experiments and agree within 10% for an independently prepared lysate.

(Fig. 3A). This approach revealed that oxidation rates
for different ADH3 substrates, including octanol,
ethanol and HMGSH, were two- to eightfold in-
creased in the presence of GSNO, and this effect was
most pronounced with the substrate couple HMGSH/

GSNO (Fig.3B-D). In an effort to study GSNO
metabolism in a complex environment, crude lung and
liver lysates were used in similar experiments, and an
even more drastic increase in reaction rates (>20-
fold) was observed for the substrate couple HMGSH/
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GSNO (Fig.3E). The results are consistent with
immediate enzyme-bound cofactor recycling, as co-
factor release is a step that is partially rate-limiting in
HMGSH oxidation. In contrast, no such reaction rate
increase was observed when ethanol was used as
substrate at millimolar concentrations (Fig. 3E). At
such low concentrations the contribution of ADH3 to
ethanol oxidation is negligible, and ADH1 is the main
enzyme. Thus, in this case NADH could not be
provided in ADH3-bound form, and instead the rate
of GSNO reduction was most likely limited by the rate
of free NADH production following ADH1-mediated
ethanol oxidation. Apart from relatively lower
ADH3-activity, results were similar for lung lysates
[64]. Overall, it appears that any source of NADH can
trigger GSNO reduction, but that GSNO depletion is
much more rapid when the redox cycle is constrained
to ADH3.

Implications for asthma

Several allelic variants have been detected for the
gene of ADH3 in promoter and intron regions, and a
recent report coupled two single nucleotide poly-
morphisms to asthma susceptibility [25, 95]. In this
context, it is highly striking that two reverse substrates
of ADH3 that trigger or even promote each others’
conversion have opposite effects in asthma. It is very
well known that formaldehyde acts as a bronchocon-
strictor and exacerbates asthma symptoms, although
the molecular causes are not well understood [96—
102]. In contrast, GSNO acts as an endogenous
bronchodilator in airway lining fluid, protects from
hyperresponsivity and is depleted from airways of
asthmatic patients [24, 76, 103]. The results described
above might represent a mechanism by which form-
aldehyde exerts its asthma-exacerbating effects:
Under asthmatic conditions, including lung epithelial
cell damage, ADH3, GSH and NAD™ are likely to be
present in the airway lining fluid, where inhalation of
formaldehyde could then lead to rapid depletion of
GSNO, resulting in bronchoconstriction and en-
hanced airway hyperresponsivity [24, 64, 76].

Conclusions

ADHS3 is involved in multiple cellular pathways, as
diverse as formaldehyde detoxification, retinoid me-
tabolism and NO homeostasis. A dual, coupled
function as formaldehyde dehydrogenase and GSNO
reductase would provide a molecular explanation for
the turnover of NO. This may also be of interest in
relation to asthma-exacerbating effects, where inha-
lation of formaldehyde may lead to depletion of the
bronchodilator GSNO. Future studies should address
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interactions between NO signaling and additional
pathways, such as retinoic acid formation, functions of
ADHS3 in the central nervous system, and the phys-
iological significance of glutathione sulfinamide or
other derivatives in vivo.
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Note added in proof. After acceptance of this review, a study was
published that provides evidence for human carbonyl reductase
acting as an additional GSNO reductase (Bateman, R.L. et al.,
Human carbonyl reductase 1 is an S-nitrosoglutathione reductase,
J. Biol. Chem., in press). The kinetic constants for NADPH-
dependent carbonyl reductase-mediated GSNO reduction were:
Ko = 30uM, kgy = 450 min™, k., /K,, = 15 min™ pM ™.
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Many carbonyl metabolizing enzymes are equally involved in xenobiotic and endogenous metabolism, but
few have been investigated in terms of substrate competition and interference between different cellular
pathways. Mammalian alcohol dehydrogenase 3 (ADH3) represents the key enzyme in the formalde-
hyde detoxification pathway by oxidation of S-hydroxymethylglutathione [HMGSH; the glutathione (GSH)
adduct of formaldehyde]. In addition, several studies have established ADH3 as S-nitrosoglutathione
(GSNO) reductase in endogenous NO homeostasis during the last decade. GSNO depletion associates with
various diseases including asthma, and evidence for a causal relationship between ADH3 and asthma
pathology has been put forward. In a recent study, we showed that ADH3-mediated alcohol oxidation,
including HMGSH oxidation, is accelerated in presence of GSNO which is concurrently reduced under
immediate cofactor recycling [C.A. Staab, J. Alander, M. Brandt, J. Lengqvist, R. Morgenstern, R.C. Graf-
strom, J.-O. H66g, Reduction of S-nitrosoglutathione by alcohol dehydrogenase 3 is facilitated by substrate
alcohols via direct cofactor recycling and leads to GSH-controlled formation of glutathione transferase
inhibitors, Biochem. J. 413 (2008) 493-504]. Thus, considering the usually low cytosolic free NADH/NAD*
ratio, formaldehyde may trigger and promote GSNO reduction by enzyme-bound cofactor recycling. These
findings provided evidence for formaldehyde-induced, ADH3-mediated GSNO depletion with potential
direct implications for asthma. Furthermore, analysis of product formation as a function of GSH concen-
trations suggested that, under conditions of oxidative stress, GSNO reduction can lead to the formation
of glutathione sulfinamide and its hydrolysis product glutathione sulfinic acid, both potent inhibitors of
glutathione transferase activity.
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1. Introduction (GSNO) are the most efficient [4-7]. By oxidizing HMGSH to

S-formylglutathione, ADH3 is central in the detoxification of

Many carbonyl metabolizing enzymes are involved in the
metabolism of endogenous as well as exogenous compounds and
it is of both toxicological and pharmacological interest to elucidate
how competing endogenous and xenobiotic substrates modulate
the mutual pathways [1]. Alcohol dehydrogenase 3 (ADH3) is
a highly conserved and ubiquitous enzyme and considered to
represent the ancestral form of ADHs within the superfamily of
medium-chain dehydrogenases/reductases [2,3]. Among the enzy-
matic activities attributed to ADH3, the oxidation of formaldehyde
(in form of its glutathione adduct S-hydroxymethylglutathione,
HMGSH) and the irreversible reduction of S-nitrosoglutathione

Abbreviations:  ADH, alcohol dehydrogenase; GSH, glutathione; GSNO,
S-nitrosoglutathione; GSSG, glutathione disulfide; HMGSH, S-hydroxymethyl-
glutathione; MGST1, microsomal glutathione transferase 1.

* Corresponding author. Tel.: +46 8 524 877 40; fax: +46 8 337 462.

E-mail address: jan-olov.hoog@Kki.se (].-O. H66g).

0009-2797/$ - see front matter © 2008 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.cbi.2008.10.050

formaldehyde [4-8]. In addition, during the last decade evidence
has emerged that strongly suggests that ADH3, through the GSNO
reductase activity, affects the transnitrosation equilibrium between
GSNO and S-nitrosated proteins and thus plays an important role
in the control of NO signaling [9,10]. Reports on product forma-
tion following GSNO reduction, however, have been inconsistent
[6,711].

Emphasizing the importance of an efficient and omnipresent
formaldehyde detoxification system, formaldehyde, recently clas-
sified as a human carcinogen, can originate from numerous
exogenous and endogenous sources [12-15]. The polarized car-
bonyl group confers high reactivity with DNA and proteins, turning
formaldehyde into a highly mutagenic compound [16]. Multiple
studies, in vitro as well as in vivo, have established ADH3 as the
main cellular formaldehyde scavenger in both nuclear and cytosolic
compartments [4,5,8,17-19].

NO signaling is to a large extent exerted by protein S-nitrosation,
a post-translational modification which contributes to the regu-
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lation of essential cellular pathways as programmed cell death,
membrane trafficking, iron homeostasis and control of cellular
redox state [20]. As S-nitrosated proteins exist in dynamic transni-
trosation equilibrium with GSNO, S-nitrosation can be considered
governed by formation and degradation of GSNO. The intracellular
formation of GSNO is still poorly understood, but to date, ADH3
is the most efficient GSNO-decomposing enzyme known, and
moreover, catalyzes the irreversible reduction of GSNO, without
concomitant release of NO [7,21]. Notably, GSNO has been sug-
gested to protect from various disease conditions, as e.g. from
cerebral ischemia, Alzheimer’s disease, sclerosis, and asthma
[10,22-25]. Hence, in contrast to its function in formaldehyde
detoxification, ADH3-mediated GSNO depletion can be considered
an adverse effect, at least under certain disease conditions. In order
to address how the two activities affect each other, formaldehyde
oxidation was assessed in presence of GSNO. Furthermore, product
formation following GSNO reduction was studied as a function of
GSH concentrations.

2. Materials and methods
2.1. Enzyme purification and chemicals

Recombinant human ADH3 was expressed in Escherichia
coli and purified to homogeneity in a three-step-procedure, as
described previously; protein concentration of purified ADH3
was determined using the molar extinction coefficient at 280 nm
of 37900M~1cm~! [5]. Rat microsomal glutathione transferase
(MGST1) was purified as described previously, with the exception
that 0.2% Triton X 100 was used during the last purification step
[26].

2.2. Enzyme kinetics

For determination of the inhibition constant K; for glutathione
(GSH), steady-state kinetics was performed at 25°C in 0.1M
phosphate buffer pH 7.5 including 0.1 mM NADH and 0.25 p.g/ml
ADH3 and monitored by following the decrease in fluorescence
at 455nm (Aexc=340nm) in a fluorescence microplate reader
(Tecan Infinite M200). For enzyme kinetics with multiple sub-
strates, GSNO was added to a reaction mixture of different
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Fig. 1. Illustration of the measurement principle: ADH3-catalyzed octanol oxida-
tion in presence and absence of 250 wM GSNO, in 0.1 M potassium phosphate pH 7.5
containing 2.4 mM NAD", 2.0 mM octanol and 62.5 pg/ml ADH3. Solid lines show
reactions monitored by following absorbance at 340 nm. Dashed lines show reac-
tions monitored by following NADH-specific fluorescence emission at 455 nm with
340nm as excitation wavelength. In presence of GSNO, the initial negative slope
coincides with absence of net NADH production. Reaction rates were calculated
from the initial change in absorbance using the extinction coefficient for NADH or
GSNO, in absence and presence of GSNO, respectively.

concentrations of the respective substrate (octanol, ethanol or
formaldehyde), 2.4mM NAD* and 62.5pg/ml ADH3 (octanol,
ethanol) or 2.5 ug/ml ADH3 (formaldehyde) in 0.1 M phosphate
buffer pH 7.5 at room temperature. Reaction mixtures also
contained 1 mM GSH, when formaldehyde was the substrate. Reac-
tions were monitored by following absorbance at 340nm in a
Hitachi U-3000 spectrophotometer as well as by following fluo-
rescence at 455 nm (Aexc =340 nm). Evaluation was as explained in
Fig. 1.

For kinetics with MGST1, enzyme activity was monitored
at 30°C following absorbance change at 340nm in a reaction
system containing 2mM GSH, 0.5mM CDNB (1-chloro-2,4-
dinitrobenzene), 2.5% (v/v) ethanol as solvent for CDNB, 0.1 M
potassium phosphate pH 6.5 and 0.1% Triton X-100 [5]. Glu-
tathione sulfinamide and sulfinic acid were generated by the
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Fig. 2. Normalized rates of alcohol oxidation in absence (rate=1) and presence of
GSNO for the substrates (A) octanol, (B) ethanol and (C) formaldehyde (in the form
of HMGSH). Reaction were in 0.1 M potassium phosphate pH 7.5 containing 2.4 mM
NAD*, and 62.5 ng/ml ADH3, except for reactions with formaldehyde where ADH3
concentration was 2.5 png/ml and reaction mixtures also contained 1 mM GSH.
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ADH3-mediated reaction and subsequently purified by FPLC-based
separation (as described below), lyophilized and dissolved in water.
GSNO was similarly subjected to FPLC for purification. Inhibitor
concentrations were determined by amino acid analysis (glu-
tathione sulfinamide and sulfinic acid) or absorbance measurement
at 340 nm (GSNO). Data were fitted by non-linear regression with
GraphPad Prism (Graphpad Software) using the model for one-site
competition.

2.3. GSNO reduction in crude liver cell lysates

Mice liver samples were stored at —80°C until use (left-over
material) [27] and prepared as previously described [5]. Protein
content of the cell lysates was determined by the Bradford method
(Bio-Rad). For GSNO reduction in presence of GSH and NADH,
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reaction mixtures containing 0.5 mg/ml protein and 1 mM GSNO,
varying concentrations of GSH, and 1 mM NADH were performed
in 10 mM ammonium bicarbonate (to facilitate subsequent product
analysis by mass spectrometry) and monitored at 340 nm at 37°C
for 15 min. For GSNO reduction in presence of HMGSH and NAD*,
reaction mixtures containing 0.5 mg/ml protein and variably 1 mM
GSNO, 1 mM GSH, 1 mM formaldehyde and 2.4 mM NAD* were per-
formed in 0.1 M phosphate buffer pH 7.5 and monitored at 340 nm
at 37°C for 10 min. Reaction rates were determined as described
above for reactions with purified ADH3.

2.4. Product analysis of GSNO reduction

To analyze the products of GSNO reduction in the presence
of GSH, 0.8 mM GSNO and 1 mM NADH were incubated at 37°C
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Fig. 3. HMGSH oxidation by crude mouse liver lysate in absence and presence of GSNO. All reactions were carried out at 37 °C in 0.1 M potassium phosphate, pH 7.5 containing
2.4mM NAD* and 0.5 mg/ml protein. Different combinations of substrates (1 mM each) were added as indicated in the figure legends. Reactions were monitored by following
absorbance at 340 nm and initial reaction rates were calculated with the extinction coefficient of NADH (6220 M~ cm~1, positive slopes) or the extinction coefficient of GSNO
(840M-! cm™1, negative slopes), as clarified in Fig. 1. (A) Reactions including formaldehyde (HCHO). (B) Reactions without HCHO. (C) Determined initial reaction rates from
two independent experiments (average + standard deviation), (a) calculated with the extinction coefficient of NADH, (b) calculated with the extinction coefficient of GSNO.
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with varying concentrations of GSH in the absence and presence
of 2.5 wg/ml ADH3. Reaction mixtures were protected from light
and resolved on a strong anion exchange column (Resource Q, GE
Healthcare) [5,7]. The elution profile was monitored at 214 and
340 nm and semi-quantification was carried out by integration of
the obtained reactant and product peaks. Solutions of GSNO, GSH,
GSSG and NADH with known concentrations were used to calibrate
peak intensities. For the commercially unavailable products glu-
tathione sulfinamide and sulfinic acid, merely peak intensities were
monitored. For confirmation of product identity, electrospray ion-
ization (ESI) mass spectra of product fractions were acquired using
a Finnigan LCQ Deca ion-trap mass spectrometer equipped with an
ESI source (Thermo Finnigan) [5]. Concentrations of hydroxylamine
were determined with a colorimetric assay [5,28].

3. Results and discussion

3.1. GSNO promotes ADH3-mediated alcohol oxidation by its
concurrent reduction under immediate cofactor recycling

ADH3-mediated alcohol oxidation was monitored in absence
and presence of GSNO by fluorescence and absorption spec-
troscopy, taking advantage of the fact that NADH and GSNO both
absorb at 340 nm while only NADH emits light at 455 nm when
excited at 340 nm. With GSNO being a substrate for the reverse
reaction, a product inhibition pattern would have been expected.
However, the observed initial decrease in absorbance in presence
of GSNO could be attributed only to the reduction of GSNO, as only
oxidized cofactor had been added to the reaction mixture. Flu-
orescence spectroscopy confirmed that the initial negative slope
coincided with absence of net NADH formation, demonstrating that
NADH was immediately recycled by GSNO reduction (Fig. 1). Reac-
tion velocities were calculated in absence and presence of GSNO
using the extinction coefficients of NADH (6220M~'cm~!) and
GSNO (840M~-1cm™1), respectively. A comparison revealed that
GSNO reduction was not only facilitated by ADH3-mediated alcohol
oxidation, but the overall reaction rates were increased (Fig. 2). A
likely explanation for this observation is that the cofactor remains
enzyme-bound, ie. cofactor dissociation, partially rate-limiting
during HMGSH oxidation, is circumvented [29]. Strikingly, this
effect was much more pronounced when crude murine liver lysates
were used; reaction rates were increased about 20-fold (Fig. 3) [5].
Most likely, circumvention of cofactor release gains importance
in a more complex environment including other NAD*/NADH-
scavenging enzymes. Notably, GSNO degradation was very low in
all controls without formaldehyde, excluding a significant contri-
bution of non-enzymatic GSNO degradation to overall GSNO decay
(Fig. 3). Hence, through the proposed mechanism, enzyme-bound
cofactor recycling, formaldehyde might induce GSNO depletion
under physiological conditions, including the typically high free
NAD*/NADH ratio (Fig. 4) [30,31].

These studies focused on the effects of formaldehyde, as among
all oxidative substrates known so far, the catalytic efficiency of
ADH3 is highest for HMGSH [5]. However, in principle, any oxida-
tive ADH3 substrate might be capable to induce GSNO depletion in
cells. Other possible physiological substrates of ADH3, i.e. poten-
tial candidates as modulators of S-nitrosothiol metabolism, are
clearly a subject of future studies. For instance, medium-chain
w-hydroxy fatty acids, which can be endogenously formed by
cytochrome P450-mediated w-oxygenation of fatty acids, are read-
ily oxidized by ADH3 [32,33]. Also 20-hydroxyleukotriene B4 has
been suggested as ADH3 substrate [34]. Furthermore, all-trans-
retinol appears to be a physiological substrate of mouse ADH3.
Despite the poor activity of mouse ADH3 towards all-trans-retinol
in vitro, Adh3-deficient mice exhibit decreased levels of all-trans-

HCHO + GSH —— HMGSH FGSH

NAD* ADH3 NADH
ik v
GSSG ‘74 GSNHOH GSNO
NH,OH

Fig. 4. Model for formaldehyde (HCHO)-induced GSNO depletion. The sponta-
neously formed adduct between HCHO and GSH, HMGSH, is oxidized by ADH3 under
concomitant conversion of NAD* to NADH. The latter does not dissociate from the
enzyme, but is directly used for GSNO reduction to the intermediate semimercaptal
GSNHOH which, under normal redox conditions, is intercepted by GSH to form GSSG
and hydroxylamine.
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Fig.5. Millimolar concentrations of GSH inhibit GSNO reduction non-competitively,
illustrated by a Lineweaver-Burk diagram (K; = 14.3 + 1.3 mM, [5]). Reactions were
performed in 0.1 M potassium phosphate pH 7.5 containing 0.1 mM NADH and
0.25 pg/ml ADH3 and monitored in a fluorescence plate reader following the oxi-
dation of NADH (Aexc =340 nm, Aem =455 nm). Black circles, no GSH; open circles,
5mM GSH; black triangles, 10 mM GSH.

retinoic acid in serum, providing evidence for the involvement
of ADH3 in retinoic acid formation in vivo [35]. Interestingly, in
this case co-localization with relevant metabolic enzymes, as here
retinaldehyde dehydrogenases, seems to compensate for low cat-
alytic efficiency. Hence, it is conceivable that there are more high
Km ADH3 substrates of physiological significance, simply because
ADH3 is ubiquitously expressed.
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Fig. 6. GSNO reduction with mouse liver lysate at different GSH concentrations.
Reactions were performed in 10 mM ammonium bicarbonate pH 7.5 containing
1mM GSNO, 1mM NADH and 0.5mg/ml protein and monitored by following
absorbance at 340 nm.
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3.2. Implications for asthma pathophysiology

A causal relationship between formaldehyde and decreased S-
nitrosothiol levels in the regulation of airway responsivity, with
ADH3 as the interconnecting factor, has been considered [36], but
the findings presented above provided for the first time exper-
imental evidence for the interplay between formaldehyde and
GSNO metabolism. Both GSNO and formaldehyde are known to
be associated with allergic asthma, albeit with opposing effects:
GSNO s an endogenous bronchodilator, which protects from airway
hyperresponsivity and is depleted in airway lining fluid of asthma
patients [37,38]. The first evidence for an adverse role of ADH3 in
asthma was provided by a study using Adh3-deficient mice which
showed that genetic ablation of ADH3 results in higher levels of S-
nitrosothiols in lung homogenates and associated protection from
airway hyperresponsivity [10]. In contrast, formaldehyde causes
bronchoconstriction and hyperresponsivity in guinea pigs and res-
idential exposure of humans to formaldehyde has been correlated
with increased asthma risk or exacerbation of asthma symptoms
[39-42]. Moreover, two single nucleotide polymorphisms in the
gene coding for ADH3 have been coupled to asthma susceptibil-
ity [43]. Taken together, an ADH3-driven mechanism where GSNO,
a protective bronchodilator, is depleted following inhalation of
formaldehyde would provide a direct and simple explanation for
the well-established asthma-exacerbating properties of formalde-
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hyde. In support of this hypothesis, exposure of cultured cells to
formaldehyde results in a trend towards decreased S-nitrosothiol
levels [5]. However, the relevant experiments to prove such a mech-
anism in vivo remain to be performed.

3.3. GSNO reduction results in the GSH-controlled formation of
glutathione transferase inhibitors

It has been shown that GSH inhibits ADH3-mediated GSNO
reduction non-competitively at millimolar concentrations (Fig. 5)
[5,6]. This inhibitory effect is also observable with more complex
protein mixtures, for instance when using crude liver lysate instead
of purified ADH3. In addition, the reaction exhibits a lag period that
equally increases with higher GSH concentration (Fig. 6). It is so
far unclear what causes the latter; but it is suggestive of required
activation of ADH3 for GSNO reduction, for example triggered by
changes in oxygen concentrations, as the reactions shown in Fig. 6
were performed under aerobic conditions.

Furthermore, GSH influences product formation following
ADH3-mediated GSNO reduction, but in this respect reports have
been controversial. The first part of the reaction is commonly
accepted: GSNO reduction results in a transient semimercaptal,
S-hydroxylaminoglutathione. However, conclusions from the liter-
ature disagreed on the next reaction step [6,7,11]. Previous studies
have suggested the spontaneous rearrangement to glutathione
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Fig. 7. Reactant and product yields following ADH3-mediated GSNO reduction in response to different GSH concentrations. Reactions were performed in 10 mM ammonium
bicarbonate pH 7.5 containing 0.8 mM GSNO, 1 mM NADH and varying concentrations of GSH (0-5mM) in absence (light gray columns) and presence (black columns) of
2.5 pg/ml ADH3. Results shown here are from 10 min incubation of reaction mixtures at 37 °C. (Semi-)quantification of reactants and products was by peak integration after
resolving the reaction mixtures on a strong anion exchange column [5]. GSONH,, glutathione sulfinamide, GSO,H, glutathione sulfinic acid, NH,OH, hydroxylamine.
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sulfinamide [6,7] or the reaction with GSH to form glutathione
disulfide (GSSG) as the final product [6,11]. To add further com-
plexity, different reaction mechanisms with GSH have been put
forward. Jensen et al. observed equimolar consumption of NADH
relative to GSNO as well as the formation of hydroxylamine and
hence, postulated the direct interception of the intermediate by
GSH to yield GSSG and hydroxylamine [6]. In contrast, another
report has suggested the reduction of S-hydroxylaminoglutathione
to S-aminoglutathione under concomitant oxidation of a second
NADH molecule, followed by the reaction with GSH to yield GSSG
and ammonia [11].

In efforts to shed light on these incongruities, product forma-
tion following GSNO reduction was assessed as a function of GSH
concentrations. To this end, reaction mixtures were resolved on
a strong anion exchange column after different reaction times,
followed by (semi-)quantification by peak integration and qualita-
tive reactant/product identification by electrospray ionization mass
spectrometry. The results showed equimolar consumption of NADH
relative to GSNO as well as increasing hydroxylamine, decreasing
glutathione sulfinamide formation in response to increasing GSH
concentrations, as well as glutathione disulfide as major reaction
product at the highest GSH concentration (Fig. 7) [5]. The results
presented here are in line with the report by Jensen et al. [6].

While GSSG can be recycled to GSH by glutathione reductase and
other enzymes, it was unclear whether glutathione sulfinamide, if
produced under physiological conditions, would be metabolized
further. Notably, a similar product formation pattern in response
to GSH concentrations was observed in reactions with crude liver
lysate, indicating that glutathione sulfinamide is a metabolic dead-
end. The only product formed from glutathione sulfinamide that
could be detected, particularly after longer reaction times and
at low GSH/GSNO ratios, was its spontaneous hydrolysis product
glutathione sulfinic acid (Fig. 7) [5]. Glutathionesulfonic acid is a
well-known inhibitor for glutathione transferases, a family of phase
Il enzymes that catalyze the conjugation of GSH to a number of
electrophilic compounds [44,45]. Hence, it was assessed whether
glutathione sulfinamide and glutathione sulfinic acid equally inhib-

GSNO

ited MGST1 and both compounds were found to inhibit MGST1 with
IC50 values of 48 wM (sulfinamide) and 22 M (sulfinic acid), close
to the IC50 value of the established inhibitor glutathionesulfonic
acid (5.3 wM) and considerably stronger than GSNO with an IC50
of 520 wM [5]. Taken together, the results imply that, under physi-
ological conditions, GSNO reduction is decelerated by intracellular
GSH (5-10 mM), which favors the interception of the intermedi-
ate semimercaptal by GSH and leads to the formation of GSSG as
major product. However, oxidative stress or varying intracellular
distribution of GSH might lead to the formation of the glutathione
transferase inhibitors glutathione sulfinamide and sulfinic acid and
thus exacerbate toxic responses [46].

4. Conclusions

The presented evidence suggests that ADH3 exhibits a Janus
face, on the one hand representing a central player in the cellular
protection against formaldehyde, but on the other hand caus-
ing adverse effects through its function as GSNO reductase. First,
ADH3 can lead to irreversible GSNO depletion if provided the
appropriate cofactor NADH. This requirement is most efficiently
met by the presence of a substrate for ADH3-mediated oxida-
tion, e.g. formaldehyde in form of HMGSH: The typically high
cellular free NAD*/NADH ratio is overcome as the reduced cofac-
tor remains enzyme-bound and can be directly used for GSNO
reduction. Hence, ADH3 provides a molecular explanation for the
asthma-exacerbating effects of formaldehyde, triggering reduction
of GSNO, an endogenous bronchodilator, in airway lining fluid
under asthmatic conditions. Second, GSNO reduction can lead to
the formation of glutathione transferase inhibitors. The latter is
circumvented under normal cellular redox conditions, i.e. millimo-
lar concentrations of GSH, which decelerate GSNO reduction and
allow the interception of the transient S-hydroxylaminoglutathione
to form GSSG, preventing the spontaneous rearrangement to the
sulfinamide (Fig. 8). Under conditions of severe oxidative stress,
however, inhibitors of GSH-dependent enzymes might be formed
in response to formaldehyde, exacerbating the toxic response.
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Fig. 8. Model for product formation of ADH3-mediated GSNO reduction responding to local GSH concentration. In absence of GSH, ADH3-mediated GSNO reduction is fast
and the intermediate S-hydroxylaminoglutathione (GSNHOH) can be spontaneously rearranged to glutathione sulfinamide (GSONH; ). GSONH; is partly hydrolyzed to the
sulfinic acid (GSO,H) which is likely to be oxidized to glutathionesulfonic acid (GSO3H) under oxidative stress (ROS, reactive oxygen species). These three product species,
GSONH3, GSO2H and GSOsH, increasingly inhibit MGST1, an enzyme involved in GSH-dependent detoxification of electrophilic substrates. In contrast, GSH at millimolar
concentrations decreases the rate of ADH3-mediated GSNO reduction and the intermediate GSNHOH is intercepted by GSH to yield GSSG and hydroxylamine (NH,OH).
Invariably, NADH for GSNO reduction can be provided by oxidative ADH3 pathways, e.g. by oxidation of the glutathione adduct of formaldehyde, HMGSH.
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#1890 DNA dama.ge in pathology staff occupatlonally exposed to formal-
dehyde. Joao Teixeira,' Patricia Coelho, Susana Silva,’ Carla Costa,’ Joana
Roma-Torres," Luis Santos, Jorge Gaspat,? Solange Costa'. "National Institute of
Health, Porto, Portugal; “ Univerdidade Nova de Lisboa, Lisboa, Portugal.
Formaldehyde (FA) is an important industrial chemical with many commercial
uses and derivatives. Occupational exposure to FA occurs mainly in pathology
Jaboratories whete histologists have used it as a fixative for around 100 years. FA
exposure has been associated with nasal cancer, nasopharyngeal cancer, buccal and
phatyngeal cancer and leukaemia, Based on the available data IARC (IARC, 2006)
classified FA as carcinogenic to humans (group 1). In the present study, cytogenetic
damage in peripheral lymphocytes from 30 individuals exposed to FA in pathology
laboratories in Oporto district (Portugal) was evaluated by means of micronuclei
(MN), sister chromatid exchange (SCE) and comet assay. In addition, effect of
polymorphic genes of xénobiotic metabolizing (GSTM1, GSTT1) and DNA repair
enzymes associated with Base Excision Repair (ERCC1, ERCC4, ERCC5) was also
evaluated. An unexposed group (n=30) from the administrative section of the same
hospitals with similar demographic-characteristics was studied and data obtained

- from both groups was compared. The mean air concentration of FA in the breath- -
' ing zone of workers (0.44 * 0.08 ppm) was higher than the threshold limit value-

short-term exposure limit of 0,3 ppm recommended by the American Conference
of Governmental Industrial Hygienists (ACGIH). The levels of MN were signifi-
cntly higher (P<<0.005) in the exposed subjects (5.47 * 0.76) when compared -
with controls (3.27 * 0.69). SCE frequencies were significantly higher (P< 0.005)
among the exposed group (5.91 * 0.17) compared with control group (4.53 *

© 032). Comet assay data showed significantly inctease (P<<0.001) of tail length

values in the exposed population (60.00 = 2.31) with respect to the control group
(41.85 % 1.97). Regarding the effect of the genetic polymorphisms studied we did
not find any effect on the genotoxic end-points. Significant increase in frequencies
of studied genotoxic endpoints among FA exposed individuals suggests that this
compound still presents a high risk to all exposed it. Genotoxic potential of FA
demands more effective protective measures or compound reduction in order to
avoid hazard episodes in occupational health. Acknowledgements This project is
supported by Fundagio Calouste Gulbenkian.





Testicular germ cell tumors (TGCT) are composed of two histologic groups,
seminomas and nonseminomas, which are thought to arise from a common pre-
cursor. We postulated that seminomas and nonseminomas may have divergent
pathogeneses which may be explained, partially, by variable endogenous DNA
damage. To assess ourhypothesis, we conducted a case-case analysis of seminomas
and nonseminomas using the comet assay to quantify endogenous DNA damage.
The Familial Testicular Cancer study and the U.S. Radiologic Technologists cohort
PfOVided 112 TGCT cases (51 seminomas & 61 nopseminomas). A lymphoblas-
wid cell line was cultured for each patient. Images of 100 cells were captured and 4
comet parameters were analyzed: tail DNA4, tail length, comet distributed moment
({CDM) and Olive tail moment (OTM). The geometric mean of each comet pa-
rameter was.calculated for each subject and used as a summary measure to reduce
the influence of outliers. The association between comet values and histologic

foup was cvaluated by calculating odds ratios (OR) and 95% confidence intervals
(©5%CI) based on logistic regression. The cluster option was used to account for
any intra-group correlation caused by some of the cases being related. Values for tail
len%th, tail DNA, CDM and OTM were'modeled as categorical variables-using the
50% and 75% percentiles of the seminoma group. All models were tested for poten-
tally confounding factors including age at blood draw, age at TGCT diagnosis,
ayptorchidism, TGCT laterality, cell viability, study, and date of cell culture, cell
harvest, electrophoresis and image analysis. Variables that affected a.comet param-
eter’s risk estimate and retained in the model were date of cell harvest for tail DNA
and OTM and date of cell electrophoresis for CDM. Tail DNA was observed to be
significantly associated with nonseminoma (ORsge, pescencite =331, 95%CI: 1.00,

10.98; ORys4p, peccenme =371, 95%CI: 1.04, 13.20; p for trend=0.039) whereas

wil length and CDM were not associated with histology. Although the results for
OTM did not reach statistical significance, the estimates and trend were similar to

that-observed for tail DNA (ORsoy, percendite =227, 95%ClL: 0.75, 6.87; ORysy,

¢ pusbentite=2.40, 95%CI: 0,75, 7.71; p for trend=0.12). In conclusion, the results for
- tail DNA and OTM indicate that endogenous DNA damage levels are higher in

patients who develop nonseminoma compared to seminoma. Higher endogenous
levels of DNA damage in nonseminoma;patients may explain the more aggressive
narure and younger age of incidence of chis histology compared to the relatively less
aggressive seminoma, :

#1890 DNA damage in pathology staff occupationally exposed to formal-
dehyde. Joao Teixeira,! Patricia Coelho,! Susana Silva," Carla Costa,” Joana
Roma-Torres," Luis Santos,? Jorge Gaspat,” Solange Costa'. 'National Institute of
Health, Porto, Portugal; “ Univerdidade Nova de Lisboa, Lisboa, Portugal.
Formaldehyde (FA) is an important industrial chemical with many commercial
uses and derivatives. Occupational exposure to' FA occurs mainly in pathology
laboratories whete histologists have used it as a fixative for around 100 years. FA
exposure has been associated with nasal cancer, nasopharyngeal cancer, buccal and
phatyngeal cancer and leukaemia. Based on the available data IARC (IARC, 2006)
dassified FA as carcinogenic to humans (group 1). In the present study, cytogenetic
damage in peripheral lymphocytes from 30 individuals exposed to FA in pathology
laboratories in Oporto district (Portugal) was evaluated by means of micronuclei
(MN), sister chromatid exchange (SCE) and comet assay. In addition, effect of
polymorphic genes of xénobiotic metabolizing (GSTM1, GSTT1) and DNA repair
enzymes associated with Base Excision Repair (ERCC1, ERCC4, ERCC5) was also
evaluated. An unexposed group (n=30) from the administrative section of the same
hospitals with similar demographic'characteristics was studied and data obtained

' from both groups was compared. The mean air concentration of FA in the breath- -
" ing zone of workers (0.44 + 0.08 ppm) was higher than the threshold limit value-

short-term exposure limit of 0,3 ppm recommended by the American Conference

of Governmental Industrial Hygienists (ACGIH). The levels of MN were signifi-

cntly higher (P<<0.005) in the exposed subjects (5.47 * 0.76) when compared -

with controls (3.27 = 0.69). SCE frequencies were significantly higher (P < 0.005)
among the exposed group (5.91 * 0.17) compared with control group (4.53 *

* 0.32). Comet assay data showed significantly inctease (P<<0.001) of tail length

values in the exposed population (60.00 * 2.31) with respect to the control group
(41.85 £ 1.97). Regarding the effect of the genetic polymorphisms studied we did
not find any effect on the genotoxic end-points. Significant increase in frequencies
of studied genotoxic endpoints among FA exposed individuals suggests that this
compound still presents a high risk to all exposed it. Genotoxic potential of FA
demands more effective protective measures or compound reduction in order to
avoid hazard episodes in occupational health. Acknowledgements This project is
supported by Fundagio Calouste Gulbenkian.

#1891 Genetic variants in uracil processing enzymes are associated with
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Introduction. Maintenance of DNA integrity through DNA repair is critical in
cancer prevention. Among the enzymes involved in DNA repair are those that
prevent or correct uracil misincorporation in DNA. Repair of misineorporated
uracil is important since it can cause -double-stranded DNA breaks and other
mutagenic events that can initiate or promote carcinogenesis. Also relevant is the
B-vitamin folate as it is a co-factor in the enzymatic conversion of uracil'to thymi-
dine, and its deficiency promotes uracil misincorporation in DNA. Moreover,
folate and other B vitamins are implicated as factors modulating cancer risk. Five
genes encode the enzymes involved in uracil-repair in humans, for which many
single nucleotide polymorphisms (SNPs) have been identified. However, their phe-
notypes have not yet been explored. Our goal is to identify SNPs in uracil process-
ing genes that are determinants of DNA uracil levels, and to srudy how B vitamin
status affects these relationships. Methods. Twenty-two SNPs were selected with a
bicinformarics approach that identified variants with probable functional conse-
quences and from distincr linkage groups. Association between SNP genotypes and
uracil Jevels in blood DNA was-tested in a cohort of 91 unrelated Souith Koreans.
Results. Multiple linear regression analyses showed thart five SNPs in two of the
uracil-repair genes were significantly associated with uracil levels. Four of them were
associated with an increase in uracil in the homozygous variant individuals com-
pared to the homozygous wild-type subjects, and one was associated with a decrease
(see table). Four SNPs were located in non-coding regions whereas one was a
non-synonymous SNP within an exon that is predicted to change the protein
sequence. No interactions between B vitamin levels, SNP genotypes and uracil
levels were found in this study. Conclusion. We identified 5 SNPs with a biochem-

ical phenotype that may impact on cancer risk. We are presently confirming our
y g

observations in a larger study. R

Details of the 5§ SNPs in the 2 uracil-repair genes found to be associated with DNA uracil

levels
Gene/SNP SNP Auracilaa vs AA - Adjusted p value (for
designati typefocati individuals (a: variant homocysteine, gender. serum
allele, A: wild-type creatinine, B vitamin status)
aflele)
MBD4/rs140693 exon, non- 1,84-fold increase o011
synonymous
MBD#/rs2005618 intron 6, Tag 2.07-fold inocrease 0.033
SNP
MBD4/rs4128193 3"-UTR 242foldincrease 0.006
(downstream)
MBD4/rs9821282 promoter 2.38-fold decrease 0.007
UNG/rs1048783 promoter 1.55-fold increase* 0.038

*No aa individuals, so the reported value is for Aa vs AA individuals \

#1892 Extensive metabolic activation of the tobacco-specific carcinogen
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone in smokers, Irina Stepanov,
Pramod Upadhyaya, Rachel Feuer, Joni Jensen, Dorothy K. Hatsukami, Stephen S.
Hecht. University of Minnesota Cancer Center, Minneapolis, MN. :
4-(Methylnitrosamino)-1-(3-pyridyl)-butanone (NNK) is a potent lung carcin-
ogen present in both unburned tobacco and cigarette smoke. 4-(Methylnitro-
samino)-1-(3-pyridyl)-butanol (NNAL), a metabolite of NNK, is also a pulmonary
carcinogen. The sum of NNAL and its glucuronides (NNAL-Glucs), referred to as
total NNAL, is an established urinary biomarker of human NNK uptake and is
often measured. Metabolic activation of NNK and NNAL to DNA adducts pro-
ceeds via a-hydroxylation pathways, and 4-oxo-4-(3-pyridyl)butanoic acid (keto
acid) and 4-hydroxy-4-(3-pyridyl)butanoic acid (hydroxy acid) are the principle
end products of these pathways in rodents and primates. The purpose of this study
was to determine NNK metabolic activation in smokers, as measured by the sum of
keto acid and hydroxy acid, relative to total NNAL. To specifically identify NNK-
derived keto acid and hydroxy acid, which are also formed extensively from nico-
tine, we added [pyridine-D;]NNK to cigarettes that were originally low in NNK,
and measured the deuterium-labeled metabolites in the urine of people who
smoked these cigarettes. Twenty subjects were recruited for the study. The sum of
the products of [pyridine-D JNNK a-hydroxylation pathways was the prevalent
biomarker in all subjects and all urine samples analyzed. The total amount of
[pyridine-D gketo acid plus [pyridine-DJhydroxy acid averaged 4.00 * 2.49
nmol/24 h, while the average amount of total [pyridine-DJNNAL was 0.511 +
0.368 nmiol/24 h. Separate analysis of [pyridine-Dglketo acid and [pyridine-
D, lhydroxy acid in 3 randomly selected subjects demonstrated that [pyridine-
D, Jketo acid accounted for an average of 28.2 % of the total amount of the
deuterated products of a-hydroxylation pathways. The ratio of the sum of [pyri-
dine-DyJketo acid plus [pyridine-D]hydroxy acid to total [pyridine-D,NNAL
ranged from 0.99 to 33.4, averaging 10.9 * 9.16. The ratio of the sum of deuter-
ated a-hydroxylation biomarkers to the product of [pyridine-DJNNK detoxifica-
tion, [pyridine-DJNNAL-Gluc, varied from 1.35 to 62.8, averaging 18.8 * 16.8.
The results of this study demonstrate for the first time that NNK metabolic acti-
vation is a quantitatively stgnificant pathway iri smokers, accounting for about 86%
of total urinary excretion of NNK metabolites. The large interindividual variation
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FORMALDEHYDE-INDUCED DAMAGE IN LUNGS AND EFFECTS OF
CAFFEIC ACID PHENETHYL ESTER: A LIGHT MICROSCOPIC STUDY

Asli Ozdem Tiirkoglu!, Mustafa Sarsilmaz’, Neriman Colakoglu?,
Ismail Zararsiz', Tuncay Kuloglu?, Hidir Pekmez3, Ufuk Tas’

Firat University, Faculty of Medicine, Departments of Anatomy' and Histology and
Embryology?, and Firat University, School of Health Sciences?, Elazig, Turkey

Aim: The aim of this study was to investigate the toxicity of formaldehyde on lung and protective
effects of caffeic acid phenethyl ester against these toxic effects.

Methods: For this purpose, 21 male Wistar rats were divided into three groups. The rats in
Group | comprised the controls, while the rats in Group |l were injected with formaldehyde (FA).
The rats in Group lll received CAPE daily while exposed to formaldehyde. After the treatment, lungs
tissues were evaluated by microscopic examination.

Results: In the microscopic examination of FA group, fatty and cellular infiltration in the
pulmonary interstitium and thickening in the bronchiolar wall were evident. Dilatation and congestion
were prominent in the alveolar septal vessels. In FA+CAPE group, dilatation of interalveolar septal
vessels was less observed than FA group. Bronchial wall structures are similar with control.

Conclusion: |t was thought that FA exposure leads to inflammation and injury in lungs. CAPE

shows protective and anti inflammatory activity against these adverse effects.

Key words: Formaldehyde, caffeic acid phenethyl ester, lung.

Eur J Gen Med 2008,;5(3):152-156

INTRODUCTION

Formaldehyde is used as a sterilizing
agent, disinfectant and preservative in
many occupational areas and at home (1).
Motor vehicle exhaust, the burning of gas,
oil, coal, wood, rubbish and photochemical
smog are some environmental sources
for formaldehyde. It is colorless gas has
a pungent odor and is irritating to the
mucous membranes of the nose, throat
and eyes (2). The toxicity of formaldehyde
is of concern to all who work closely with it.
Embalmers, anatomists, technicians and
medical, dental or veterinary students are
among the people who have high exposure
to formaldehyde (3). Formaldehyde poses
many potentially detrimental effects
to body systems. Many animal studies
showed that exposure to formaldehyde
cause serious harm on the respiratory
system. The primary target for FA-induced
toxicity in both rodents and monkeys are
the respiratory nasal epithelium (4). Long-
term formaldehyde inhalation at a dose
of 15 ppm was induced squamous cell
carcinomas in the nasal cavities of rats

Correspondence: Prof. Dr. Mustafa Sarsilmaz,

Firat University, Faculty of Medicine, Department of
Anatomy, 23119 Elazig, Turkey.

Tel: 904242370000 (ext: 4651), Fax: 904242379138
E-Mail: msarsilmaz@firat.edu.tr

and mice (5). Carpet factory workers who
occupationally exposed to formaldehyde
were presented loss of respiratory function
(6).

CAPE is one of the active constituents
of the propolis, a substance with a sharp
and pleasant odor that is found in the
plant extracts accumulated by bees (7).
It has been used in the treatment of
many diseases by folk medicine (8, 9).
CAPE has antioxidant, antibacterial, anti-
inflammatory, and antiviral effects. It also
presents immune stimulator, anti mitogenic
carcinostatic, anti atherosclerotic, anti
proliferative, anti apoptotic characteristics
(10).

MATERIAL AND METHODS

Adult male Wistar albino rats
(weighing 200-250 g) obtained from Firat
University Medical Faculty Experimental
Research Unit were randomly divided
into three groups with seven animals
per group. All animals received human
care in compliance with the European
Community Guidelines on the care and
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Figure 1. Normal bronchiole (arrows)
was observed in the control group.
Hematoxylin Eosin x 20

use of laboratory animals (86/609/EEC).
The rats were kept in Plexiglas cages (4
rats/cage) where they received standard
chow (supplied from Elazig Feed Plant,
Elazig, Turkey) and water ad libitum in an
air-conditioned room with automatically
regulated temperature (22+1°C) and
lighting (07.00-19.00 h). The rats in
the control group received 10umol/kg
ethanol for 8 days, while Group Il (FA)
received intra peritoneally 10mg/kg FA at
the 4th day of the experiment. Group Il
(FA+CAPE) was administered 10pmol/kg
CAPE starting from the first day throughout
8 days and 10mg/kg FA starting from
the 4th day. All the groups received the
determined agents at determined dose for
eight days. At the end of the experimental
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Figure 3. Lubrication (asterisks) was

observed in pulmoner interstitium in FA
group. Hematoxylin Eosin x 10
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Figure 2. Cellular infiltration (é_sterisks)
was seen in pulmoner interstitium in FA
group. Hematoxylin Eosin x 20

period, the thoracic cavities of all rats
were opened and lungs were removed for
histopathologically evaluation. Then these
specimens fixed in formaldehyde solution.
After a series of histological procedure,
they were embedded into paraffin blocks.
Tissue sections were stained Hematoxylin-
Eosine, Masson’s trichrom and PAS
(Periodic Acid Schiff). The findings were
evaluated under an Olympus BH-2 light
microscopy.

RESULTS

Normal pulmonary histology was
revealed at the control group (Figure
1). Microscopic examination of the FA
group, fatty and cellular infiltration in
the pulmonary interstitium (Figure 2, 3),

o r . L

Foamy macrophage
accumulation (arrows) was seen in
pulmoner interstitium in FA group.
Masson’s Trichrome x 20
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Figure 5. Thickining of bronchiolar
walls (asterisks) was determined in FA
group. Masson’s Trichrome x 10

foamy macrophages accumulation (Figure
4), thickening in the bronchiolar wall
(Figure 5) were observed. Pigmented and
pycnotic nucleated cells were observed
in the peribronchiolar area (Figure 6).
Moreover, dilatation and congestion were
prominent in the alveolar septal vessels
(Figure 7). In the FA+CAPE group, foamy
macrophages accumulation (Figure 8)
and inflammatory cell infiltration in the
pulmonary interstitium were prominent.
Dilatation of inter alveolar septal vessels
was less observed than the FA group.
Bronchial wall structures (Figure 9)

were similar to the control group. Fatty
infiltration was not detected in this group.
Additionally, decreased cellular damage

Figure 7. Dilated and congestioned
vessels (asterisk) was seen in alveolar
septa in FA group. Masson’s
Trichrome X10
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Figure 6. Pigmented cells (arrows) was
evident in peribronchiolar area in FA
group. Masson’s Trichrome x 40

caused by formaldehyde was observed
and structural appearance was similar to
the control group.

DISCUSSION

Formaldehyde inflicts various harms
on many systems. Its negative effects
on the respiratory system have been well
documentedinthe epidemiological studies.
(11, 12). Recently, there has been a trend
for experimental studies about harmful
effect of FA. FA is a potent respiratory
irritant and is capable of stimulating
a number of receptors related to the
trigeminal nerve and localized in the nasal
epithelium (13). While the mechanism by
which formaldehyde exerts its cytotoxic

Figure 8.

Foamy
accumulation (asterisks) was observed
in pulmoner interstitium in FA+CAPE
group. Periodic Acid Schiff x20

macrophage
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Figure 9. Brochiolar walls were seen
as similar to control in FA+CAPE group.
Periodic Acid Schiff x10

effects is not known, formaldehyde reacts
directly with tissue constituents, and
cytotoxicity is presumably a function of
this reactivity. (14). Lesions primarily
develop in the epithelium lining the nasal
septum and the ventral meatus of the
turbinates. The types of lesions following
an acute 24 h nasal instillation of 400 mM
FA were squamous metaplasia, ulceration,
hyperplasia, and goblet cell hypertrophy,
which were observed at 3 weeks post
treatment (15). Theselesions occurred only
in respiratory and transitional epithelium
lining the anterior nasal passages of the
rat nose. This suggests that respiratory
and transitional epitheliums are more
susceptible to FA damage than the other
epithelial types present in the nose. It
is well known that chronic formaldehyde
exposure has an irritant effect on the
respiratory tract and induces adverse
alterations in respiratory-function
parameters and cellular morphology. The
reduced resistance to upper and lower
respiratory tract infections of workers
occupationally exposed to formaldehyde
could suggest changes in the function
of polymorphonuclear neutrophils, which
are known to be the first line of defence
against bacterial infections (16).

Reactive oxygen species (ROS) are formed
continuously in cells as a consequence of
external factors and they become harmful
when they are produced in excess under
abnormal conditions such as inflammation
(17, 18). ROS may cause cell damage
and are involved in the pathophysiology
of inflammation, cancer and ethanol
intoxication (19, 20, 21). CAPE was shown
to possess significant anti-inflammatory

Tiirkoglu et al.r

and antioxidant properties. It was
reported that CAPE is a potent inhibitor
of lipoxygenase, and through this activity,
leukocyte chemotaxis and inflammatory
activity are abolished (22, 23, 24, 25).
Calikoglu et all. indicated that CAPE
might be effective in protecting the injury
of remote organs caused by oxidative
stress and neutrophil accumulation (26).
On the other hand, FA has oxidant effects.
Zararsiz et al reported that formaldehyde
decreases SOD activity and increases
MDA levels in the lung which is indicative
of oxidative damage. In other words,
FA leads to oxidative damage in the
lungs (27). We observed that FA caused
histopathological changes in the lungs of
the rats. Additionally, it plays oxidative
role for respiratory structure including
lungs. CAPE, however, decreased the
histopathological changes and protects
lungs from oxidative damage.

In conclusion, it was detected that FA-
exposure leads to inflammation and injury
in lungs. CAPE shows protective and
anti-inflammatory activity against these
harmful effects.
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Uncertainties in the Health Risk Evaluation of Formaldehyde.
Vandenberg J, Bateson T, DeVoney D, Jinot J, Sonawane B.
National Center for Environmental Assessment, Office. of
Research and Development, U.S. EPA, Washington, DC, United
States.

The cornerstones of the EPA health assessment
process are hazard identification and dose-response assessment
for quantitative estimates of potential human health risk and
defining uncertainties. The case of formaldehyde-induced
lymphohematopoietic (LHP) malignancies presents challenges in
these areas resulting in uncertainties in the risk evaluation.
Uncertainties in hazard identification arise from data in both
experimental animal and human epidemiologic studies. Data from
in vivo and in vitro laboratory studies are evaluated in terms of
study protocol, limitations of study design, selection of endpoints
of toxicity and their relevance to humans and coherence across
levels of biological organization. Epidemiologic studies may
present uncertainties in exposure measurement, appropriate
dosimetrics, misclassification of disease, confounding exposures,
unidentified risk factors and use of an appropriate referent
population. EPA 2005 Cancer Guidelines and Supplemental
Guidance to Protect Children recommend the use of human data,
where adequate and appropriate, for quantitative risk
assessment. Recent developments, not only in hazard
identification, but also mode and mechanism of action of
formaldehyde on hematopoitic and immune cells provide an
increasingly informed basis on which to evaluate the utility of
human studies for human health risk assessment of formaldehyde
exposure. (Disclaimer: The views expressed in this abstract are
those of the authors and do not represent U.S. EPA policy or
endorsement.)
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Symposium 9 — Methylphenidate Treatment
of ADHD: Are Pediatric Patients at Risk of
Induced Genetic Damage?

S48
Attention Deficit/Hyperactivity Disorder (ADHD) and lts
Treatment. Vitiello B. National Institute of Mental Health,

Bethesda, MD, United States.

ADHD is a childhood onset disorder characterized by
developmentally abnormal, persistent, pervasive, and functionally
impairing levels of inattention, hyperactivity, and/or impulsivity
with point prevalence of about 5-7% among school-age children.
While a strong genetic component has been documented, the
exact pathogenesis is unknown. The brain of ADHD children
shows delayed maturation following a trajectory parallel to that of
normal peers. ADHD increases the risk for accidents, school-
failure, occupational underachievement, legal problems, and
substance abuse. Both pharmacological and psychosocial
interventions are available. Medications include stimulants
(methylphenidate and amphetamines) and atomoxetine. Intensive
pharmacotherapy with stimulants is more effective than intensive
behaviour therapy, with a large effect size compared with placebo
(response rate: 75% vs. 12%, NNT=1.5). Atomoxetine is less
effective than stimulants and has a medium effect size. Treatment
is typically chronic and can last years. It is estimated that about
2.5 million children receive medication yearly. Appetite
suppression, insomnia, and stomach-ache are adverse effects,
but drug intolerance is uncommon (less than 5%). Chronic
administration of stimulants decreases physical growth in a dose-
related way. Stimulants also have cardiovascular effects
consistent with their adrenergic activity. Because of reports of
sudden death in children receiving stimulants, these drugs should
not be administered to children with heart conditions or structural
abnormalities.
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Chromosomal Aberrations, Sister Chromatid Exchanges, and
Micronuclei in Lymphocytes of Pediatric ADHD Patients
Treated with Stimulant Drugs. Witt KL' Sheloy MD', Itchon-
Ramos N?, Faircloth M?, Kissling GE', Chrisman AK? Ravi H?,
Murli H° Mattison DR® Kollins SH%. 'National Toxicology
Program, NIEHS, Research Triangle Park, NC, United States,
“Department of Psychiatry, Duke ADHD Program, Duke University
Medical Center, Durham, NC, United States, *Covance
Laboratories, Vienna, VA, United States, “National Institute of
Child Health and Human Development, Bethesda, MD, United
States.

We conducted a study to determine if 3 months
continuous treatment with methylphenidate (MPH) or mixed
amphetamine salts (MAS) induces increases in cytogenetic
damage endpoints (chromosomal aberrations, micronuclei, sister
chromatid exchanges) in peripheral blood lymphocytes of children
with ADHD. We enrolled 63 stimulant drug-naive subjects, 6-12
years of age, who were in good overall health and judged to be
appropriate candidates for stimulant drug therapy. Subjects were
randomized into two treatment groups (MPH or MAS) and
rigorously diagnosed using DSM |V criteria. Subjects provided
blood samples prior to treatment and after three months of
treatment. Pre- and post-treatment frequencies of chromosomal
aberrations, micronuclei, and sister chromatid exchanges were
determined for each subject. Twenty-five subjects in the MPH
group and 22 in the MAS group completed the full 3-month
treatment. No significant increases in any of the 3 measures of
cytogenetic damage were observed in the 47 subjects who
completed treatment or the 16 subjects who did not. Thus,
previously published findings of MPH-induced chromosomal
changes in children were not confirmed in our study. Our results
add to the accumulating evidence that therapeutic levels of MPH
do not induce cytogenetic damage in humans. Our results also
indicate that MAS products do not induce cytogenetic damage in
children.
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QUANTITATIVE RELATIONSHIPS BETWEEN PATCH TEST
REACTIVITY AND USE TEST REACTIVITY: AN OVERVIEW

Danny Zaghi and Howard I. Maibach
Department of Dermatology, School of Medicine, University of California San
Francisco, San Francisco, California, USA

Use tests such as the provocative use test (PUT) or repeated open application test
(ROAT) have been created to better understand the clinical significance of patch test
results. It has been suggested that since these tests typically utilize only one substance at a
time and avoid occlusion, they minimize the occurrence of irritation and false positives and,
thus, are more reflective of real-life exposure to an allergen. In this analysis, we compare
and analyze different studies comparing patch test and use test reactivity. With regard
to colophony, cinnamic aldehyde, methyldibromo glutaronitrile, 5-chloro-2-methyl-4-
isothiazolin-3-one and 2-methyl-4-isothiazolin-3-one, and isoeugenol, increased patch test
sensitivity resulted in increased use test sensitivity. However, this was not true for for-

ldehyde or chromi The reason for the latter allergens’ divergence from the trend is
not yet understood. Additionally, we note the presence of an increasing slope in the rela-
tionship between use test reactivity and minimum eliciting concentration on patch testing
for methyldibromo glutaronitrile. Expansion of databases relating serial dilution patch test
reactivity and use test data should aid dermatologic management, public health policy, and
an understanding of the complexity of allergic contact dermatitis in humans.

Keywords: Patch test; Repeated open application test; Provocative use test; Allergic contact dermatitis

INTRODUCTION

Use tests such as the repeat open application test (ROAT) and the provocative
use test (PUT) have been developed to further evaluate the clinical significance of
patch test results. During use testing, a substance is applied to a certain area
(typically the cubital fossa) twice a day for up to 28 days. By using only one sub-
stance at a time and avoiding occlusion, use testing minimizes the occurrence of
irritation and false positives that can be present in patch testing (1). Marrakchi and
Maibach noted that in approximately half of positive patch test results that seemed
to be reliable, the use test was negative, suggesting that the subject’s biological
threshold for the substance being tested had not been reached during use testing (2).
As such, it would be expected that use testing would be more reflective of a subject’s
actual clinical situation than using only patch testing.

Address correspondence to Danny Zaghi, Department of Dermatology, School of Medicine, Uni-
versity of California San Francisco, San Francisco, CA 94143-0989, USA. Tel.: 415-476-2468; Fax: 415-753-
5304; E-mail: maibachh@derm.ucsf.edu
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We previously explored the quantitative relationship between patch test and
use test positivity (3). As information on use testing has been increasingly utilized for
regulatory purposes (4), we present more recent data and place them in perspective
with the earlier information.

Materials and Methods

We searched PubMed, EMBASE, Chemical Abstracts, Web of Science, and
Toxicology Abstracts and hand-searched journals on contract dermatitis, using the
keywords use test, repeat open application tests (ROAT), provocative use test (PUT),
and serial dilution patch tests.

For data on methyldibromo glutaronitrile (MBDGN) and 5-chloro-2-methyl-
4-isothiazolin-3-one and 2-methyl-4-isothiazolin-3-one (MCI/MI), patch test data
and use test data for a specific minimum eliciting concentration (MEC) were taken

Epidemiological

Data
Patch Patch Minimum eliciting | Use test
concentration | positivity concentration on | reactivity
(in %) patch test (in %)
0.5 3.0% 0.5 14.3%
0.3 1.9% 0.3 46.2%
0.1 1.1% 0.1 88.9%
3.0% Tested
positive at

[0.5%] patch
concentration

— T

Positive only at Positive at Positive at
[0.5%] [0.5%] and [0.5%], [0.3%],
[0.3%] only and [0.1%]
Breakdown of 3.0% 1.1% 0.8% 1.1%
As a fraction of 0.367 0.267 0.367
original 3.0% (1.1%/3%) (0.8%/3%) (1.1%/3%)
positive l l l
Fraction multiplied 0.367* 14.3% 0.267* 46.2% 0.367* 88.9%
by use test reactivity (use reactivity @ (use reactivity @ (use reactivity @
for lowest level [0.5%)) [0.3%]) [0.1%])
positive to l l l
5.25% + 1 2.+34% + 32.63%
Theoretical use test \50.22%/

reactivity

Figure 1 Use test frequency vs. minimum eliciting concentration on the patch test for methyldibromo
glutaronitrile.
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based on the studies found in the search. As part of our analysis, we calculated a
theoretical use test positivity among patch test-positive subjects using weighted
fractions based on epidemiological data on use reactivity at different concentration
levels and patch testing positivity at different concentrations. The theoretical use test
positivity was the percentage of subjects who tested positive at a certain patch
concentration who would also test positive in a use test. An example of this calcu-
lation for the 0.5% patch test concentration of MBDGN is provided in Figure 1.

As part of our analysis, we also calculated true clinical positives per patch test
concentration. This number represented how many true clinical positives among all
subjects there would be at a certain patch test concentration, assuming that a use test
positive reaction is reflective of a clinical positive reaction. This number was cal-
culated by multiplying the patch test frequency by the theoretical use test frequency
of that patch testing concentration.

RESULTS/DISCUSSION

See Table 1 for full data.

In 1998, Farm found that 10 of 13 colophony-sensitive subjects reacted posi-
tively to a 20% colophony use test: all 7 subjects with the lower MEC on patch
testing of 1% reacted positively to the use test, whereas only 3 of 6 of the subjects
with the higher MEC of 10% reacted positively to the use test (» =0.07). Thus, while
the study sample was small, the researchers demonstrated that with greater patch test
sensitivity, the subject would be more likely to test positive to a use test (5).

Similar studies on cinnamic aldehyde were not as clear in the relationship
between patch and use test reactivity. Johansen and colleagues reported that 13 of 18
cinnamic aldehyde-sensitive subjects reacted positively to a use test. Additionally, all
5 of the subjects most sensitive to cinnamic aldehyde on patch testing, with MEC
values ranging from 0.02% to 0.1%, reacted positively to the use test. Of the 13
remaining subjects with the higher patch test MEC values (ranging from 0.5% to
1%), only 8 developed reactions to the use test (6).

However, Bruze and colleagues, in another study on 9 cinnamic aldehyde-
sensitive subjects, found no correlation between minimum threshold patch test
concentration and the subject’s reaction to the use test. They also found no relation
between the total dose of cinnamic aldehyde applied and use test reactivity (7).

Johansen and colleagues studied the relationship between isoeugenol use tests
and patch tests. They found that 12 of 19 isoeugenol-sensitive subjects reacted
positively to a use test of 0.2% isoeugenol. All 4 subjects who reacted at the lowest
patch test concentration of 0.01% reacted to the use test. Three of 4 of the subjects
whose minimum patch test threshold was 0.05% reacted to the use test, and 5 of 6
whose minimum threshold was either 0.1% or 0.2% reacted to the use test. All 5
subjects whose minimum threshold was over 1% did not react to the use test (8).
Similar results were obtained by Bruze and colleagues. Ten of 13 subjects sensitive to
patch testing for isoeugenol were found to be positive on use testing. Three of 3 of
the subjects sensitive to the lowest patch concentrations of 0.02% weight/volume
(w/v) and 0.063% w/v were positive on the use test, whereas only 2 of 4 of the
subjects with an MEC greater than 0.2% w/v reacted positively to the use test (9).
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Table 1 Summary data of studies cited including data on the MEC on patch testing vs. positivity on use

testing

Colophony Total 10/13
Breakdown

MEC on patch test Frequency positive on use test
1% 7/7

10% 3/6

Cinnamic aldehyde (Johansen)
Breakdown

MEC on patch test
0.02%, 0.05%, 0.1%
0.5%, 0.8%, 1%
Isoeugenol (Johansen)
Breakdown

MEC on patch test
0.01%

0.05%

0.1%, 0.2%

>1%

Isoeugenol (Bruze)
Breakdown

MEC on patch test
0.02 w/v

0.063 w/v

0.2 w/v

>0.2 w/v
MBDGN (Jensen)
Breakdown

MEC on patch test
<0.001%

0.003%

0.005%

0.01%

0.02%

0.05%

0.1%

0.2%

Negative
Formaldehyde
Breakdown

MEC on patch test
0.025%

0.05%

0.1%

0.5%

1.0%

Chromium
Breakdown

MEC on patch test
0.001%

0.1%

No reaction

Total 13/18

Frequency positive on use test
5/5

8/13

Total 12/19

Frequency positive on use test
4/4

3/4

5/6

0/5

Total 10/13

Frequency positive on use test
/1

2/2

5/6

2/4

Total 7/19

Frequency positive on use test
4/7

1/1

0/1

0/1

0/1

12

0/2

0/2

12

Total 5/20

Frequency positive on use test
0/1

0/1

12

1/5

3/11

Total 7/15

Frequency positive on use test
1/3
3/5
3/7

(Continued)
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Table 1 Summary data of studies cited including data on the MEC on patch testing vs. positivity on use
testing (Continued)

Colophony Total 10/13

MCI/MI Total 22/56

Breakdown

MEC on patch test Frequency positive on use test

25 ppm 14/23

100 ppm 8/33

Patch concentration Patch positivity Theoretical use test reactivity in
patch positive subjects

25 ppm 0.60% 60.9%

100 ppm 2.63% 32.6%

MBDGN = methyldibromo glutaronitrile; MCI/MI = 5-chloro-2-methyl-4-isothiazolin-3-one and 2-
methyl-4-isothiazolin-3-one; MEC = minimum eliciting concentration; w/v = weight/volume.

Table 2 Data on patch positivity, theoretical use test reactivity for patch-positive subjects, and true clinical
positives for selected patch concentrations of methyldibromo glutaronitrile

Patch concentration Patch Theoretical use test reactivity in patch-positive True clinical
(in %) positivity subjects positives
1.00 4.4% 37.7% 1.66%
0.50 3.0% 50.2% 1.50%
0.30 1.9% 70.9% 1.35%
0.10 1.1% 88.9% 0.98%

In a study of MCI/MI, Menné compared patch test positivity and use test
reactivity. In a multicenter study on 4,713 subjects, 2.6% tested positive to the patch
test concentration of 100 ppm, whereas only 0.6% tested positive to the con-
centration of 25 ppm. However, whereas the 25-ppm solution resulted in fewer than
a fourth as many positives on patch testing as the 100-ppm solution, it resulted in an
almost 2-fold increase in use test reactivity: 60.9% of subjects positive to the 25-ppm
solution on the patch test reacted positively on the use test, whereas only 32.6% of
100-ppm patch-sensitive subjects reacted positively (10).

Jensen and colleagues studied MBDGN. Of 17 subjects sensitive to MBDGN
on patch testing, 6 were positive on use testing, of whom 4 had the lowest MEC on
patch testing. However of 2 subjects negative to MBDGN on patch testing, 1 tested
positive on use testing (11).

Because of the extensive multicenter studies on MBDGN (12, 13), data now
allow comparison between patch test frequency at serial dilution levels with use test
frequency (see Table 2, Fig. 2). Patch test frequencies were calculated for 1%, 0.5%,
0.3%, and 0.1% concentration levels of MBDGN, from a high of 4.4% frequency of
positivity for the highest concentration of MBDGN to a low of 1.1% frequency for
the lowest tested concentration of MBDGN. However, when the same levels were
used as minimum threshold concentration levels for testing the relationship between
patch test sensitivity and use test sensitivity, a reverse trend was attained. Among
subjects positive to the 1.0% concentration of MBDGN, 37.7% were positive to the
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0.0% 1.0% 2.0% 3.0% 4.0%

Patch Frequency

5.0%

Figure 2 Theoretical use test reactivity among patch test-positive subjects vs. patch test frequency for
methyldibromo glutaronitrile.

Table 3 Data on MEC vs. use test positivity for methyldibromo glutaronitrile

MEC (in %)

Use test reactivity

1.00
0.50
0.30
0.10

11.0%
14.3%
46.2%
88.9%

MEC = minimum eliciting concentration.

Use Test Frequency

100%

90%
80%

N

70%

60%

50%

40%
30%

20%

10%

\’¥

0%

0.00

0.20 0.40 0.60 0.80
MEC on patch testing (in % of solution)

1.00

Figure 3 Theoretical use test reactivity among patch test-positive subjects vs. minimum eliciting con-
centration (MEC) for methyldibromo glutaronitrile.

use test, whereas 88.9% of subjects positive to the 0.1% patch concentration were
positive to the use test. Thus, while lowering the patch test concentration from 1% to
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0.1% resulted in 75% fewer positives on patch testing, it also resulted in a more than
2-fold increase in concordance on the use test, a similar finding to that seen in
Menné’s study (10).

The results of the studies on MBDGN also suggests the presence of an increasing
slope in the relationship between reactivity in use tests and the MEC on patch testing
(see Table 3, Fig. 3). In MBDGN, there is a negligible increase in use test reactivity as
one decreases the minimum test concentration from 1.0% to 0.5%. However, there is
an increase of over 32% in use test reactivity as one increases the minimum patch
concentration from 0.5% to 0.3%, and an even more significant increase of 43% in
reactivity as one increases the minimum patch concentration from 0.3% to 0.1%.
However, one can assume that this phenomenon tapers off and plateaus once the
percentage of positive outcomes reaches the range of 90% to 100%.

Certain studies suggest that the correlation between patch test sensitivity and use
test sensitivity might not be universal. Flyvholm and colleagues performed use tests in
20 formaldehyde-sensitive subjects and found that only 5 responded positively to the
use test. Additionally, 3 of the 5 who responded positively to the use test had a
minimum patch test concentration of 1.0%, the highest concentration studied. The
2 subjects most sensitive on patch testing (those who reacted to the lowest patch
concentration) did not react at all to the use test (14).

Basketter and colleagues performed a similar study of use tests in 15 chro-
mium-sensitive subjects: 7 of the 15 responded positively to the use test, but 3 of the 7
who responded positively to the use test tested negatively to all of the patch test
concentrations tested (the highest concentration was 0.1%). Another 3 who tested
positive on the use test reacted only to the highest patch test concentration. Only 1 of
3 of the subjects most sensitive on patch testing had a positive use test (15, 16).

CONCLUSION

The intuitive relationship between patch test and use test sensitivity (increasing
positive use test reactivity when an individual reacts to lower allergen dilutions) has
been confirmed for colophony, cinnamic aldehyde, MBDGN, MCI/MI, and iso-
eugenol, but not for formaldehyde and chromium. The latter allergens’ failure to
conform to intuition is yet to be understood. Possible reasons could include a
property of the allergen itself as well as the possibility that controls in place during
the negative experiments were different from the controls in place during the positive
experiments and somehow this discrepancy led to the attainment of different results.
Specifically, the actual anatomical site used in the use test could potentially affect the
outcome of the test (16).

The extensive studies on MBDGN showed the presence of an accelerating
increase in the slope between use test positivity and the MEC of an allergen.
Understanding the specifics of this relationship and the exact areas where the slope is
increasing and by how much is critical in determining a patch test concentration that
would have an appropriate specificity (not report subjects negative who are actually
allergic) while also maintaining a high level of sensitivity, so that when a subject tests
positive on patch testing, the result is likely to be clinically relevant.
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Formaldehyde is an economically important chemical,
with more than 2 million workers being exposed occupationally in
the U.S. alone. Significantly more people are exposed to
formaldehyde environmentally, as it is generated by automobile
engines and is released from furniture, particleboard, plywood,
and carpeting. The International Agency for Research on Cancer
(IARC) recently reclassified formaldehyde as a human carcinogen
that causes nasopharyngeal cancer and also concluded that there
is “strong but not sufficient evidence for a causal association
between leukemia and occupational exposure to formaldehyde”.
We have reviewed the epidemiologic studies published to date on
formaldehyde-exposed workers and professionals in relation to
lympho-hematopoietic malignances. In a new meta-analysis of
these studies, focusing on occupations known to have high
formaldehyde exposure, we found that summary relative risks
were elevated in 16 studies of leukemia, with the highest relative
risks seen in the five studies of myeloid leukemia. The biological
plausibility of this observed association will be discussed along
with potential mechanisms. We hypothesize that formaldehyde
may travel to the bone marrow as methanediol and act on it
directly or, alternatively, may cause leukemia by damaging the
hematopoietic stem or early progenitor cells that are located in the
circulating blood or nasal passages, which then travel to the bone
marrow and become leukemic stem cells. To test these
hypotheses, we recommend that future studies apply biomarkers
validated for other chemical leukemogens to the study of
formaldehyde.
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with potential mechanisms. We hypothesize that formaldehyde
may travel to the bone marrow as methanediol and act on it
directly or, alternatively, may cause leukemia by damaging the
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Branch, Division of Cancer Epidemiclogy and Genetics, National
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Formaldehyde is a highly reactive, colorless gas that is
used as a disinfectant and preservative and in numerous
industrial applications, including the manufacture of a variety of
products. In its 2004 review of the carcinogenicity of
formaldehyde, the International Agency for Research on Cancer
(IARC) noted that “there is strong but not sufficient evidence for a
causal association between leukemia and occupational exposure
to formaldehyde”. Occupational epidemiology studies have been
conducted primarily in two areas, the medical and funeral services
professions, and industrial and manufacturing settings. Initially,
studies of medical workers and embalmers showed associations
with leukemia, but studies of industrial workers did not show such
an association. However, the most recent updates of two of the
three largest industrial cohorts have shown positive associations
with leukemia, particularly myeloid leukemia.
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Osaka, Japan, 4Kyoto University, Kyoto, Kyoto, Japan.

Formaldehyde is an aliphatic monoaldehyde and is a
highly reactive environmental human carcinogen. Whereas
humans are continuously exposed to exogenous formaldehyde,
this reactive aldehyde is a naturally occurring biological compound
that is present in human plasma at concentrations ranging from 13
to 97 pM. It has been well documented that DNA-protein
crosslinks (DPC) likely play an important role in the genotoxicity
and carcinogenicity of formaldehyde. However, little is known
about which DNA damage response pathways are essential for
cells to counteract damage from formaldehyde exposure. DT40
cells and their isogenic mutants have mostly been used to
investigate the function of various gene products. In the present
study, we first assessed the DNA damage response to plasma
levels of formaldehyde using chicken DT40 cells with targeted
mutations in various DNA repair genes. Here, we show that the
hypersensitivity to formaldehyde is detected in DT40 mutants
deficient in the BRCA/FANC pathway, homologous recombination,
or translesion DNA synthesis. In addition, FANCD2-deficient DT40
cells are hypersensitive to acetaldehyde, but not to acrolein,
crotonaldehyde, glyoxal, and methylglyoxal. Human cells deficient
in FANCC and FANCG are also hypersensitive to plasma levels of
formaldehyde. These results indicate that the BRCA/FANC
pathway is essential to counteract DPCs caused by aliphatic
monoaldehydes. Based on the results obtained in the present
study, we are currently proposing that endogenous formaldehyde
might have an effect on an etiology of acute myeloid leukaemia in
Fanconi anemia patients.
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Analysis of Formaldehyde-DNA Adducts in Rats and
Humans. Hecht SS. University of Minnesota, Minneapolis, MN,
United States.

Reaction of formaldehyde with DNA produces a variety
of adducts among which are di-(A’-deoxyadenosymethane
(dAdo-CHx-dAdo) and N’-hydroxymethyl-dAdo (N°-HOCH,-dAdo).
We developed a LC-ESI-MS/MS-SRM method for quantitation of
these adducts, the latter as A°-CHs;-dAdo after NaBH;CN
reduction. The method was applied to analyze hepatic and
pulmonary DNA from rats treated with the N-methyl nitrosamines
NDMA and NNK. The results clearly demonstrated the dose-
dependent presence of N*-HOCH,-dAdo in all DNA samples. The
cross-link adduct dAdo-CH,-dAdo was observed in hepatic DNA
of NNK-treated rats, with lower amounts in pulmonary DNA. We
extended this to quantitation of N*-HOMe-dAdo in leukocyte DNA.
The method was applied to investigate adduct formation in rats
treated with aspartame, which was shown to induce
lymphoma/leukemia in rats. We treated female Sprague-Dawley
rats with aspartame in the diet (100,000 ppm), or methanol
(20,000 ppm) or formaldehyde (1,500 ppm) in the drinking water
for 7 days. Levels of N°-Me-dAdo (umol/mol dGuo) in hepatic and
leukocyte DNA of aspartame, methanol, formaldehyde, and
control rats were statistically indistinguishable. These results
indicate that aspartame, methanol, and formaldehyde,
administered to rats orally, do not elevate levels of NC-HOMe-
dAdo in leukocyte or hepatic DNA. We are presently analyzing
N°-HOMe-dAdo in human leukocyte DNA.
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Formaldehyde is an economically important chemical, to which more than 2 million U.S. workers are
occupationally exposed. Substantially more people are exposed to formaldehyde environmentally, as it is
generated by automobile engines, is a component of tobacco smoke and is released from household
products, including furniture, particleboard, plywood, and carpeting. The International Agency for
Research on Cancer (IARC) recently classified formaldehyde as a human carcinogen that causes
nasopharyngeal cancer and also concluded that there is “strong but not sufficient evidence for a causal
association between leukemia and occupational exposure to formaldehyde”. Here, we review the

Keywords:
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Exposure limits and levels
Hematotoxicity
Genotoxicity

Bone marrow

epidemiological studies published to date on formaldehyde-exposed workers and professionals in
relation to lymphohematopoietic malignances. In a new meta-analysis of these studies, focusing on
occupations known to have high formaldehyde exposure, we show that summary relative risks (RRs)
were elevated in 15 studies of leukemia (RR = 1.54; confidence interval (CI), 1.18-2.00) with the highest

Blood
Hematopoietic stem and progenitor cells

relative risks seen in the six studies of myeloid leukemia (RR = 1.90; 95% CI, 1.31-2.76). The biological
plausibility of this observed association is discussed and potential mechanisms proposed. We
hypothesize that formaldehyde may act on bone marrow directly or, alternatively, may cause leukemia
by damaging the hematopoietic stem or early progenitor cells that are located in the circulating blood or
nasal passages, which then travel to the bone marrow and become leukemic stem cells. To test these
hypotheses, we recommend that future studies apply biomarkers validated for other chemical
leukemogens to the study of formaldehyde.

© 2008 Elsevier B.V. All rights reserved.
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1. Background on formaldehyde and human exposure levels
1.1. History and chemistry of formaldehyde

Formaldehyde is the most simple yet most reactive of all
aldehydes, with the chemical formula CH,0 [1,2]. It exists as a
colorless gas at room temperature and has a strong pungent
smell. Aleksandr Butlerov synthesized the chemical in 1859,
but it was August Wilhelm von Hofmann who identified it as
the product formed from passing methanol and air over a
heated platinum spiral in 1867. This method is still the basis for
the industrial production of formaldehyde today, in which
methanol is oxidized using a metal catalyst. By the early 20th
century, with the explosion of knowledge in chemistry and
physics, coupled with demands for more innovative synthetic
products, the scene was set for the birth of a new material-
plastics.

Casein formaldehyde became popular in the manufacturing of
buttons, buckles, and knitting needles, and was fundamental for
the production of the first completely synthetic plastics—phenolic
resins, which were made by condensing phenol and formaldehyde
in the presence of a catalyst. Initially used to make electrical and
automobile insulators and other heavy industrial products,
phenolic resins were widely used during the 1920-1940s to
produce consumer appliances like toasters and radios. In the
1920s, urea formaldehyde, a colorless resin similar to phenolic
resin, was developed and used to make picnic-ware, lampshades,
varnishes, laminates and adhesives. In the 1970-1980s, urea-
formaldehyde foam insulation (UFFI) was applied to thousands of
North American homes. Subsequently, melamine formaldehyde
resins, which closely resembled urea-formaldehyde plastics,
except are more resistant to heat, water and detergents, were
developed in the mid-1930s. With their porcelain-like appearance,
they became the raw materials for cups, saucers and other
domestic items. Casein formaldehyde, phenolic resins, urea
formaldehyde and melamine formaldehyde have played important
roles in the production of domestic and industrial goods that have
become vital to everyday life.

1.2. Economic importance of formaldehyde

Formaldehyde is an economically important chemical with an
annual production of approximately 46 billion pounds worldwide.
According to the Report on Carcinogens (11th Edition, National
Toxicology Program, NTP) [1], formaldehyde ranks 25th in overall
U.S. chemical production with more than 11 billion pounds
produced each year. Formaldehyde and goods containing the
chemical reportedly account for more than 5% of the annual U.S.
Gross National Product (GNP), which is about $500 billion out of a
GNP exceeding $10 trillion [2]. Formaldehyde production has
increased steadily in China in recent years, with 7.5 million tons
(16.5 billion pounds) of formaldehyde produced in 2007 [3]. In
Japan, approximately 100,000 to 1 million tons of formaldehyde
were produced or imported in 2001 [4,5].

Commercially, formaldehyde is manufactured as an aqueous
solution called formalin, usually containing 37% by weight of
dissolved formaldehyde. It is commonly used as a tissue
preservative or as a bactericide in embalming fluid and medical
laboratories. Formaldehyde is primarily used in the production of
phenol- or urea-formaldehyde resins, plastics and chemical
intermediates. Such resins are commonly used in everyday
products as previously stated above. Formaldehyde is also widely
used in molding compounds, glass wool and rock wool insulation,
decorative laminates and textile treatments. Formaldehyde is now
extensively used by industries across the globe. Regulatory
decisions regarding formaldehyde, such as occupational exposure
limits (OELs) and drinking water standards, have an economic
impact that runs into the millions, if not billions, of dollars.

1.3. Human exposure to formaldehyde

Given its economic importance and widespread use, many
people are exposed to formaldehyde environmentally and/or
occupationally. Occupational exposure involves not only indivi-
duals employed in the direct manufacture of formaldehyde and
products containing it, but also those in industries utilizing these
products, such as construction.
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1.3.1. Occupational exposure and safety standards

The Occupational Safety and Health Administration (OSHA) has
estimated that approximately 2.1 million workers in the U.S.[6] and
many more in developing countries are occupationally exposed to
formaldehyde. The exposed workers, commonly found in resin
production, textiles or other industrial settings, inhale formalde-
hyde as a gas or absorb the liquid through their skin. Other exposed
workers include health-care professionals, medical-lab specialists,
morticians and embalmers, all of whom routinely handle bodies or
biological specimens preserved with formaldehyde.

The formaldehyde occupational exposure limits of many
countries are available on the International Labour Organization
(ILO) [7] website and through the Registry of Toxic Effects of
Chemical Substances database (RTECS #: LP8925000) maintained by
National Institute for Occupational Safety and Health (NIOSH) [8].
Updated limits as well as the limits for several countries not included
in the NIOSH document, were compiled using data from the most
recently available government publications [8-18], and are
described in Table 1. The U.S. OSHA has established the following
standards that have remained the same since 1992: the permissible
exposure limit (PEL) is 0.75 ppm (parts per million) in air as an 8-h
time-weighted average (8 h TWA) and the short-term (15 min)
exposure limit (STEL) is 2 ppm [14]. The American Conference of
Governmental Industrial Hygienists (ACGIH) recommended thresh-
old limit value (TLV) is 0.3 ppm as an 8 h TWA [17]. The U.S. NIOSH
recommends much lower exposure limits of 0.016 ppm (8 h TWA)
and 0.1 ppm (STEL) [18], above which individuals are advised to use
respirators if working under such conditions. The Agency for Toxic
Substances and Disease Registry (ATSDR) has established a chronic
inhalation minimal risk level (MRL) of 0.04 ppm based on
respiratory effects in humans [19]. The MRL is an estimate of the
daily human exposure to a hazardous substance that is likely to be
without appreciable risk of adverse non-cancer health effects over a
specified duration of exposure. Repeated contact with liquid
solutions of formaldehyde has also resulted in skin irritation and
allergic contact dermatitis in humans [20].

Among the countries listed in Table 1 there is a general trend of
decreasing OELs over time. Australia, though its current OEL is
1 ppm TWA and 2 ppm STEL [13], is now in the process of adopting

Table 1
Current formaldehyde occupational exposure limits (OEL) of several countries

new standards, with proposed OEL TWA and STEL values of 0.3 and
0.6 ppm, respectively [21]. Both Germany and Japan recently
approved their current TWA limits, having reduced their original
limits from 0.5 ppm [21] to 0.3 and 0.1 ppm, respectively [8,11].
Canada’s OEL is regulated by individual provinces, with a national
TLV of 0.3 ppm [9]. For example, the TWA value for British
Columbia was standardized at 0.3 ppm and for Ontario at 1 ppm
[22]. Among all of the countries listed in Table 1, the United
Kingdom maintains the highest OEL TWA and STEL at 2 ppm [10].
The United States also continues to retain relatively high OELs,
established more than 15 years ago. In many countries actual
occupational exposures to formaldehyde may be higher than the
OEL values, if such limits are not enforced.

1.3.2. Environmental exposure and ambient levels

Although environmental exposure to formaldehyde typically
occurs at much lower levels than occupational exposure, a greater
number of people are exposed to these lower levels in their daily
lives. Environmental sources of formaldehyde include: (1) off-
gassing from new mobile homes (such as the trailers provided to
victims of Hurricane Katrina); (2) automobile engines [23],
especially those burning biofuels [24]; (3) smoke from cigarettes
and the burning of forests and manufactured wood products [25,26];
and (4) various consumer products such as furniture, carpeting [2],
fiberglass, permanent press fabrics, paper products and some
household cleaners [26]. Of these, the most significant source of
global formaldehyde exposure is indoor air pollution from modern
home furnishings [27] and incomplete fuel combustion in older
homes, where air concentrations could exceed occupational levels
[28-30]. Formaldehyde is also formed in the early stages of residual
plant decomposition in the soil and in the troposphere during
oxidation of hydrocarbons that react with hydroxyl radicals and
ozone. It ultimately becomes part of smog pollution [31].

1.3.2.1. Indoor air concentration. Homes containing large amounts
of pressed wood products such as hard plywood wall paneling,
particleboard, fiberboard, and UFFI often have elevated levels of
formaldehyde emissions exceeding 0.3 ppm [32]. Since 1985, the
Department of Housing and Urban Development has only allowed

OEL (ppm) Reference

Country

TWA STEL® TLV
Australia 1 2 NPI, 2007 [13]
Canada® 0.3 CCOHS, 2006 [9]
China® 0.4 MHPRC, 2007 [12]
Germany 0.3 NIOSH, 2006 [8]
Japan 0.1 JSOH, 2007 [11]
Sweden 0.5 1 SWEA, 2005 [16]
South Africa 1 2 SAIOH, 2006 [15]
United Kingdom 2 HSE, 2007 [10]
United States
PEL® 0.75 2 OSHA, 1992 [14]
REL 0.016 0.1 0.3 NIOSH, 2005 [18]; ACGIH, 2002 [17]

“Canadian OEL are similar to the TLV by ACGIH in many provinces but regulated differently within each province.
bChina only has the maximum allowable concentration (MAC), which is equivalent to TLV. As of 2007, MAC = 0.5 mg/m> (~0.4 ppm).

“The federal standard is called “permissible exposure limit” (PEL) instead of “OEL".

9Recommended exposure limits (RELs as TWA and STEL) were recommended by NIOSH, and TLV by ACGIH.
€The procedure for obtaining STEL measurements for each country varies by jurisdiction, with most countries defining “short-term exposure limits” at 30-min periods, with

the exception of the U.S., which has adopted 15-min periods.
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Fig. 1. Indoor air formaldehyde concentrations of households in various cities. The mean levels are represented by bars with standard deviation lines, if available, as reported
by the original studies. All values are compared to the WHO recommended limit of 0.08 ppm, represented by the vertical dashed line.

the use of plywood particleboard that conforms to the 0.4 ppm
formaldehyde emission limit in the construction of prefabricated
and mobile homes [33]. Formaldehyde levels generally decrease as
products age. In older homes without UFFI, concentrations of
formaldehyde emissions are generally well below 0.1 ppm [32].
This value is close to the indoor limit, 0.1 mg/m> (0.08 ppm),
recommended by the World Health Organization (WHO) [34], the
limit followed by many other countries including the UK [35],
Japan [36], and China [37]. Other countries, such as Australia [38],
Germany [39], Canada [40], and Singapore [41], have an indoor
limit of 0.1 ppm similar to the WHO recommended value.
Unfortunately, the U.S. still lacks a national indoor standard and
government guidelines regarding indoor ambient formaldehyde
exposure [42]. However, the California EPA’s Office of Environ-
mental Health Hazard Assessment (OEHHA) has an indoor limit
recommendation of 27 ppb (parts per billion) as reported in two
documents published by California Air Resources Board [43,44].

Worldwide indoor air concentrations of formaldehyde for several
countries [45-57] are shown in Fig. 1. The indoor mean levels of most
cities were below or close to 0.08 ppm, the WHO recommended
limit, with an exception of Beijing [57], which had reported levels
(mean +S.D., 0.17 +0.12 ppm winter, 0.23 +0.17 ppm summer)
more than twice that value. Three studies observed that seasonal
variations have resulted in higher indoor formaldehyde concentrations
during the summer due to increased off gassing promoted by the
warmer temperatures [51,53,57]. A Quebec study [58] from occupa-
tional settings (not shown in Fig. 1), however, reported that higher
exposures actually occurred during the winter season and the
geometric mean level (0.28 ppm) of the wood panel industry was
much higher than all non-occupational indoor levels shown in Fig. 1. It
should be noted that these indoor levels were reported directly from
the original studies and might have been measured by different
methods or from different sampling sources, etc., which could
contribute to the possible discrepancies seen here (Fig. 1) and in the
following outdoor concentrations (Table 2).

1.3.2.2. Outdoor air concentration. The ambient formaldehyde
levels of various cities and countries across the globe are detailed
in Table 2. Exposure levels greater than 20 ppb occur in large cities
such as Houston, U.S. [59]; Mexico City, Mexico [60,61]; and Cairo,

Egypt [50]; and actually exceed the NIOSH recommended exposure
level for the workplace of 0.016 ppm (=16 ppb) [18]. Some of the
lowest formaldehyde exposure levels can be found in the remote
regions of Nunavut, Canada [62] and Lille Valby, Denmark [63], a
probable reflection of natural formaldehyde background levels of
around 0.4-1.2 ppb. The California OEHHA has set a chronic
reference formaldehyde exposure level of 2 ppb [64]. The reference
concentration of atmospheric formaldehyde for Japan [5] is
recommended to be 10 ppb, and outdoor city levels ranged from
1.1 to 4.7 ppb [53,65], compared with 2.5-3.2 ppb in rural,
suburban and urban areas in Japan [5].

Small amounts of formaldehyde are naturally produced in most
organisms, including humans, as a metabolic byproduct [1], and
are physiologically present in all bodily fluids, cells and tissues. The
endogenous concentration in the blood of humans, monkeys and
rats is approximately 2-3 mg/L (0.1 mM) [66,67]. Formaldehyde is
also found in foods, either naturally or as a result of contamination
[68]. Therefore, everyone is continually exposed to small amounts
of formaldehyde, environmentally present in the air, our homes
and endogenously in our own bodies.

1.3.3. Health problems from exposure to formaldehyde

Human studies have shown that chronic exposure to for-
maldehyde by inhalation is associated with respiratory symptoms,
and eye, nose and throat irritation [31,69-71]. In the summer of
2007 it was first revealed that victims of Hurricane Katrina and Rita
suffered health problems as a result of being housed in the 144,000
government-provided trailers containing dangerous levels of
formaldehyde [72]. The Federal Emergency Management Agency
(FEMA) received over 200 complaints from trailer residents
suffering from respiratory problems and other symptoms due to
exposure to formaldehyde, emitted from the materials used for
constructing mobile homes [73]. For example, several trailers
occupied by families comprised of pregnant mothers and young
children had formaldehyde levels in their bedrooms reaching up to
1.2 ppm, resulting in sinus infections, burning sensation in the
eyes, and general feeling of illness [42,73]. More recent measure-
ments of 519 trailers between 21 December 2007 and 23 January
2008, by the Centers for Disease Control and Prevention (CDC),
showed average levels of formaldehyde of about 0.077 ppm, with
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Table 2
Outdoor air concentrations of formaldehyde (FA) in various countries

Country City FA Concentration

Sample Period

Reference

(ppb)

Australia Melbourne 8.13° N/A Brown. (2002) [208]

Brisbane 7.50 1992 NICNAS. (2006) [21]
Brazil Rio de Janeiro 151.00 2002-2003 Martins, ef al. (2007) [209]
Canada Alert, Nunavut 0.40 1992 IPCS. (2002) [62]

Toronto 0.65-7.30 1995 IPCS. (2002) [62]
Chile Santiago city 3.90 2003 Rubio, et al. (2006) [210]
China Beijing 15.86° 2005 Xu, et al. (2006) [211]

Hong Kong 3.82-13.58° 2001 Ho, et al. (2006) [212]

Maoming 10.57-13.82° 2003 Lin, et al. (2005) [213]

Qingdao 2.96-8.09° 1997-1998 Tan, et al. (2002) [214]
Denmark Lille Valby 1.20 1995 Christensen, et al. (2000) [63]
Egypt Cairo 33.00 1999 Khoder, et al. (2000) [50]
Finland Kuopio 35.00-55.00 1997-1998 Viskari, et al. (2000) [215]
Greece Athens 8.70-13.98° 2000 Bakeas, et al. (2003) [216]
Italy Rome 7.00-28.00 1994-1997 Possanzini, et al. (2002) [217]
Japan Nagoya 472" 1998 Sakai, et al. (2004) [54]

Shimizu 1.11-2.01° 2006 Ohura, et al. (2006) [53]

Shizuoka 2.10° 2004 Kume, et al. (2007) [65]
Korea Ansan 19.30 2004-2005 Pal, et al. (2007) [218]

Ansan 28.20 N/A Kim, et al. (2008) [219]
Lebanon Beirut 4.50-4.60 2003-2004 Moussaa, et al. (2006) [220]
Mexico Mexico City 5.90-110.00 1993 Baez, et al. (1995) [60]

Mexico City 3.25-26.02° 1996-1998 Baez, et al. (2003) [61]
Portugal Anadia 3.80 1996 Cerqueira, et al. (2003) [221]

Tabua 5.20 1996 Cerqueira, et al. (2003) [221]
Sweden Goteborg 3.09° 2000 Gustafson, ef al. (2005) [49]

Uppsala 1.06" 1998 Sakai, et al. (2004) [54]
Turkey Izmir 5.93° 2003-2004 Seyfioglu,et al.(2008) [222]
UK North London 3.40 1991-1992 Williams, ef al. (1996) [223]

West London 15.00 1991-1992 Williams, et al. (1996) [223]
USA Baton Rouge, etc.”  1.50-7.40 1996-1997 Mohammed, ef al. (2002) [224]

Denver 2.30-3.92 1987-1991 Anderson, ef al. (1996) [225]

Houston >7-30 2002 Chen, et al. (2004) [59]

Los Angeles 3.17-3.58° 2000 Sax, et al. (2004) [55]

New York 1.72-4.29° 1999 Kinney, et al. (2002) [51]

0riginal data provided as mg/m? (1 ppb = 1.23 pg/m?).

bCities include: Baton Rouge, LA; Brownsville, TX; Brattleboro, VT; Burlington, VT; Camden, NJ; El Paso, TX; Garyville, LA; Galveston, TX; Hahnville, LA;

Port Neches, TX; Rutland, VT; Underhill, VT; Winooski, VT.

some as high as 0.59 ppm [74]. Thus, FEMA aims to evacuate the
remaining (approximately 38,000) trailers by the summer of 2008,
before warm temperatures can promote an increased rate of
formaldehyde release. Recently, FEMA adopted the NIOSH
recommended 0.016 ppm (8 h TWA) [18] as their standard
emission level for all future temporary housing units [75]. This
level is recommended for occupational workers (usually adult
males working ~8 h/day); however, it could remain a safety
concern for some of the trailer tenants, such as children, pregnant
women, the elderly and other sensitive groups who are con-
tinuously exposed to even longer durations than the former.
Other types of environmental exposures such as accidental
spills have occurred in the past. In March of 1986, a railroad tanker
car containing 190,000 Ib of urea-formaldehyde resin spilled,
releasing formaldehyde vapors into the environment around
Crown Point, Alaska. The residents of Crown Point exhibited many
symptoms of formaldehyde exposure such as nasal congestion,
sore throats, headaches, coughs, conjunctivitis, fatigue, rashes,
dizziness, diarrhea, shortness of breath, nausea and nosebleeds.

Fifty percent still had recurrent, unresolved health complaints
approximately 60 days following the spill [76].

The health effects of acute exposure to formaldehyde, like the
Alaskan incident, are well documented while those of chronic
exposure, like the Hurricane Katrina trailers, are less well known.
Chronic, non-occupational exposure above the recommended
occupational levels might be expected to lead to similar outcomes
as those described in individuals exposed to formaldehyde in the
workplace. If that were the case, symptoms underlying diseases
with longer latency such as cancer would not be apparent in the
short-term.

2. Formaldehyde as a human carcinogen and potential
leukemogen

2.1. Formaldehyde is classified as a human carcinogen

Formaldehyde was long considered as a probable human
carcinogen (Group 2A chemical) based on experimental animal
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studies and limited evidence of human carcinogenicity. However,
the International Agency for Research on Cancer (IARC) reclassified
formaldehyde as a human carcinogen (Group 1) in June 2004 based
on “sufficient epidemiological evidence that formaldehyde causes
nasopharyngeal cancer in humans”. The sufficient evidence comes
from six major cohort studies of industrial workers and seven
case—control studies of nasopharyngeal cancer [77]. There was a
statistically significant excess of deaths from nasopharyngeal
cancer in the largest and most informative cohort study of
industrial workers by the National Cancer Institute (NCI), with a
strong exposure-response correlation between the cancer mor-
tality rate and peak and cumulative exposures [78]. An excess of
death from nasopharyngeal cancer was also observed in a
proportionate mortality analysis of the largest U.S. cohort of
embalmers [79], and an excess of cases of nasopharyngeal cancer
was observed in a Danish study of proportionate cancer incidence
among workers at companies that manufactured or used
formaldehyde [80]. Although some cohort studies reported fewer
cases of nasopharyngeal cancer than expected [81-83], the deficits
were small and the studies had low power to detect an effect on
nasopharyngeal cancer. Of seven case-control studies of naso-
pharyngeal cancer [84-90], five found elevations of risk from
exposure to formaldehyde. After a thorough discussion of the
epidemiologic, experimental and other relevant data, the IARC
panel concluded that formaldehyde is a carcinogen in humans.
However, it should be noted that a few recent papers [91,92] have
argued that the IARC conclusion was premature and that the
largest and most influential NCI study should be re-evaluated.

In addition to the studies reviewed by IARC and included in the
meta-analysis below, health risk assessments indicate that the
estimated cancer risk from formaldehyde can be high. For example,
arecent study reported that the estimated cancer risk of laboratory
technicians and policemen was 20 and 1%, respectively, higher
than the general population [93]. The excess cancer risk to
laboratory technicians came mainly from formaldehyde exposure
since ambient measurements showed that they were more highly
exposed to formaldehyde as compared to the policemen who were
more highly exposed to benzene [93], an established human
leukemogen [94]. Further, the cancer potency values developed by
the California EPA’'s OEHHA, expressed as estimated unit risk
factors for benzene and formaldehyde are at 2.9E-5 and 6.0E—6
per wg/m?>, respectively [95]. However, the unit risk factors from
Integrated Risk Information System (IRIS) database of the U.S. EPA
show similar values for benzene and formaldehyde, 8.3E—6 and
1.3E—5 per pg/m>, respectively [95,96].

2.2. Association of leukemia and occupational exposure to
formaldehyde

The IARC reclassification of formaldehyde to Group 1 was based
on the increased incidence and mortality rates of nasopharyngeal
cancer [68,77]. However, these rates are very low in the U.S.
population (0.7 and 0.2 per 100,000, respectively) [97], leading to
relatively low predictions of the number of cancers caused
annually by formaldehyde. Such predictions would change if
formaldehyde were shown to cause more common and lethal
cancers of greater prevalence. For example, lymphohematopoietic
malignances, including leukemia (12.3 and 7.5 per 100,000) and
lymphoma (22.0 and 8.1 per 100,000), occur at much higher
incidence and mortality rates [97].

In their review, IARC also concluded that there was “strong but not
sufficient evidence for a causal association between leukemia and
occupational exposure to formaldehyde” [68,77]. The “strong”
evidence for a causal relationship between formaldehyde exposure
and leukemia comes from recent updates of two of the three major

industrial cohort studies of formaldehyde-exposed workers [82,98].
These new data have strengthened a potential causal association
between leukemia and occupational exposure to formaldehyde,
especially for myeloid leukemia. Epidemiologists at the U.S. NCI have
performed the largest of these cohort studies and demonstrated an
increased relative risk (RR) of myeloid leukemia for workers with the
highest levels of average exposure intensity (RR=2.49; 95%
confidence interval (CI), 1.03-6.03) and peak exposure (RR = 3.46;
95% Cl, 1.27-9.43) compared to workers with lower exposures [98].
In contrast, the updated study of industrial workers in the United
Kingdom did not find excess mortality from leukemia [81]. This
study had sufficient size and reasonable power for detecting an
excess of leukemia, but it did not report on peak exposures or the risk
of myeloid leukemia specifically [77].

It should be noted that excess mortality from leukemia had
been observed previously in studies of embalmers, funeral parlor
workers, pathologists and anatomists exposed to formaldehyde
[79,83,99-103]. These earlier studies received little attention,
however, because of speculation that the results might be
explained by possible contributions to the incidence of leukemia
from other chemicals and perhaps viruses. But the recent IARC
working group laid to rest the question of viral exposure when it
concluded that there is little evidence that embalmers, patholo-
gists, and the other occupations studied have a higher incidence of
viral infections, or that viruses have a causal role in myeloid
leukemia [77].

2.3. Controversy over the association due to limited biological
plausibility

Some authors have argued that it is biologically implausible for
formaldehyde to cause leukemia [104-109]. Their primary
arguments against the human leukemogenicity of formaldehyde
are: (1) it is unlikely to reach the bone marrow and cause toxicity
due to its highly reactive nature; (2) there is no evidence that it can
damage the stem and progenitor cells, the target cells for
leukemogenesis; and (3) there is no credible experimental animal
model for formaldehyde-induced leukemia. This led Pyatt et al. to
recently comment that “the notion that formaldehyde can cause any
lymphohematopoietic malignancy is not supported with either
epidemiologic data or current understanding of differing etiologies
and risk factors for the various hematopoietic and lymphoproliferative
malignancies” [108]. Indeed, IARC itself concluded that “based on
the data available at this time, it was not possible to identify a
mechanism for the induction of myeloid leukemia in humans” and
stated that “this is an area needing more research” [68,77]. There is a
need for scientists in public health, epidemiology and toxicology to
generate new data on the question of biological plausibility and to
work with national, international and regulatory agencies review-
ing this controversial issue.

In this paper we review population studies published to date on
formaldehyde-exposed workers and professionals, focusing on the
incidence of and mortality from lymphohematopoietic malig-
nances. Using the data obtained from the literature, we have
performed a new meta-analysis to examine the association
between exposure to high levels of formaldehyde and leukemia
risk, particularly of the myeloid type. We then summarize the
biological evidence for formaldehyde-induced hematotoxicity and
genotoxicity with a primary focus on studies in the bone marrow
and blood cells both in vivo and in vitro. Based on these reviews of
existing data, we propose potential mechanisms for the observed
association of formaldehyde with leukemia. Finally, we describe
the need for new molecular epidemiological studies, which should
provide the data necessary to critically evaluate our proposed
mechanisms of leukemogenesis.
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3. Meta-analysis of formaldehyde and hematologic cancers in
humans

3.1. Summary of previous meta-analyses and approach to the current
review

Previous meta-analyses of leukemia and formaldehyde expo-
sure have shown mixed results [91,110,111]. Blair et al. [110] first
reported a summary relative risk (RR) of 1.6 for studies of
professional workers with formaldehyde exposures and 1.1 for
studies of industrial formaldehyde exposures. In a subsequent
meta-analysis involving more recent studies, Collins and Lineker
[111] reported a summary RR of 1.1 (95% CI, 1.0-1.2) for 18 studies
of formaldehyde exposure or associated job titles, and thus
concluded that the data did not provide consistent support for a
relationship between formaldehyde exposure and leukemia risk.
However, the study [111] did find an increased risk of leukemia in
professional workers (embalmers, as well as pathologists and
anatomists; RR=1.6 and 1.4, respectively). In the most recent
meta-analysis, Bosetti et al. reported summary relative risks of
0.90 (95% CI, 0.75-1.07) for formaldehyde-exposed industrial
workers and 1.39 (95% CI, 1.15-1.68) for formaldehyde-exposed
professional workers [91].

The meta-analysis reported here differs from the previous ones
in several regards. The first major difference is that we focused our
analyses on the highest exposure groups in each study. Several of
the studies we included reported relative risks for different levels
of exposure (e.g. tertiles of cumulative exposure). Simple cause and
effect associations are best evaluated initially in groups with
higher rather than lower exposures since relative risks are likely to
be further away from 1.0 when exposures are high than when they
are low. Higher relative risks are less likely to be subject to type II
bias (i.e. inadequate study power) since all else being equal; study
power is greater when relative risks are higher. Higher relative
risks are also less likely to be due to confounding or other
undetected bias [112]. For these reasons, we selected the relative
risk for the highest exposure category from each study. In the
previous meta-analyses, some of the individual relative risk
estimates were for all exposure groups combined rather than
for the most highly exposed group. If a true association exists,
combining workers with very low exposures with workers with
high exposures into one overall “exposed” group can dilute relative
risk estimates towards the null.

Another difference between our meta-analysis and previous
meta-analyses was that while others tended to select relative
risk estimates for all types of leukemia combined, we selected
relative risk estimates for myeloid leukemia when they were
available. In fact, only six studies among all those reviewed
indicated the specific types of lymphocytic and myeloid leukemia

Table 3
Summary of formaldehyde exposure related leukemia and myeloid subtypes

[79,82,83,98,102,103], and only four of them specified the
subtypes of myeloid leukemia. Based on their original data
(observed deaths), we have summarized the different subtypes
of total and myeloid leukemia found in these studies in Table 3. It
appears that myeloid leukemia (51%) is the primary type of
leukemia observed with 19% being lymphocytic leukemia, while
the others are unspecified. Furthermore, AML (64%, acute myeloid
leukemia) is the major subtype of myeloid leukemia among
leukemia deaths reported in formaldehyde-exposed individuals.
Thus, we hypothesize that formaldehyde increases the risk of
myeloid leukemia more than lymphocytic leukemia and causes
predominantly AML. If this is true, then using relative risk
estimates for all leukemias combined could also lead to relative
risk estimates biased towards 1.0.

3.2. Selection of epidemiological studies collected from the literature

All epidemiologic studies on lymphohematopoietic cancer and
formaldehyde exposure were identified from available databases
including PubMed. The bibliographies of all relevant articles
included in recent related review articles were also collected and
cross-referenced. Only data published in peer-reviewed scientific
journals or edited books were included. The current meta-analysis
includes case-control and cohort studies (n=26) [79,81-83,98-
100,102,103,113-129] that provide relative risk estimates of
hematological malignancies associated with occupations with
known high formaldehyde exposures. Table 4 details the subsets of
data from each study corresponding to each disease analyzed,
including all types of hematological malignancy, all leukemia,
myeloid leukemia, Hodgkin lymphoma (HL), non-Hodgkin lym-
phoma (NHL), and multiple myeloma (MM).

Although we analyzed several types of hematological malig-
nancies, our primary hypotheses involved leukemia. Table 5 shows
the included (top, light-shaded) and excluded (bottom, dark-
shaded) studies and reasons for exclusion of our meta-analysis of
leukemia. Studies of leukemia (or data therein) were excluded if:
(1) they did not report estimates of variance (e.g. 95% CI) or include
data needed to calculate them; (2) they had no cases of leukemia;
(3) they included data pertaining to other leukemia subtypes as
well as myeloid leukemia (in which case only myeloid data were
used in the current meta-analysis); (4) they lacked relative risk
estimates; (5) lacked a clearly exposed group; (6) reported data on
the same cohort or group of subjects as another publication used in
the meta-analysis (in which case only one publication was
selected: either the one with the most appropriate exposure
variable or the most recent one); (7) were not published in a
scientific journal (such as a dissertation or an internal report, etc.);
or (8) reported standardized proportionate incidence ratios (SPIR).
With regard to use of SPIR, potentially, formaldehyde could

All Leukemia Deaths (n)

Myeloid Leukemia Deaths (n)

References Total LL (%)* ML (%)° Other / US" Total  AML (%)° CML (%)® Other/US®
Walrath and Fraumeni, 1983 [83] 12 4 (33) 7 (58) 1 7 6 (86) 1
Walrath and Fraumeni, 1984 [103] 12 0(0) 8 (67) 4 8° 6 (75) 2
Stroup et al., 1986 [102] 10 1(10) 6 (60) 3 6° 2(33) 3 (50) 1
Pinkerton et al., 2004 [82] 24 3(13) 15 (83) 6 15 9 (60) 4(27) 2¢
Hauptmann ef al., 2003 [98] 69 19 (28) 30 (43) 20°

Hayes et al., 1990 [79] 51 7 (14) 24 (47) 20

Total 178 34 (19) 90 (51) 54 (30) 36 23 (64) 7(19) 6(17)

AIndicating: lymphocytic leukemia (LL), myeloid leukemia (ML), acute myeloid leukemia (AML), and chronic myeloid leukemia (CML).

bUnspecified (US).

“Data include acute monocytic leukemia (AML-M5), which was reported separately in the original studies.

d0ne less case was reported as other type in the original study.
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Table 4

Epidemiological (case-control and cohort) studies with data for hematological malignancies, which were included in the meta-analysis

Study
(n) (19)

All Types Leukemia Myeloid °
(15) (6)

HL® NHL°® Mmw°

Andjelkovich et al., (1995) [113] X X
Bertazzi et al., (1989) [114] X

Blair et al., (1993) [115]

Boffetta et al., (1989) [116]

Coggon et al., (2003) [81]

Dell and Teta, (1995) [117]

Edling et al., (1987) [118]

Hall et al., (1991) [99]

Harrington and Shannon, (1975) [119] °
Hauptmann et al., (2003) [98]

Hayes et al., (1990) [79]

Heineman et al., (1992) [120]

Levine ef al., (1984) [100]

Liebling et al., (1984) [121]

Marsh et al., (1996) [123]

Marsh, (1982) [122]

x
xX X

XX XX
XX X X

XX X X
P

Pinkerton et al., (2004) [82] X %

Pottern et al., (1992) [124]

Stayner, (1985) [125]

Stellman et al., (1998) [126]

Stern et al., (1987) [127]

Stone et al., (2004) [128]

Stroup et al., (1986) [102]

Walrath and Fraumeni, (1983) [83]
Walrath and Fraumeni, (1984) [103]
Wong, (1983) [129]

KX XXX XXX
x X

XX X X

XX X

(8) (" ()
X X

X

X X

XX X X

x
XX X

#Indicating myeloid leukemia.
PHodgkin lymphoma (HL).
“Non-Hodgkin lymphoma (NHL).
dMultiple myeloma (MM).

¢Two RRs used in this analysis: one for lab technicians and another for pathologists.

increase the risks of cancers other than lymphohematopoietic
cancer, and if so, using SPIR would bias relative risk estimates
towards the null. The impact of excluding the study which reported
SPIR [80] was assessed by performing sensitivity analyses with and
without this study.

3.3. Methods applied in the new meta-analysis

The studies in our meta-analysis used many different metrics of
exposure. For example, one study gave relative risks (RRs) for peak
exposure [98], and others presented RRs for average exposure or
cumulative exposure, while some studies presented RRs only for an
“exposed” group defined solely by job title or work in a particular
industry. Several studies gave RRs for more than one exposure
metric (e.g. one RR for peak exposure and another RR for average
exposure). For these studies, we selected only one RR to use in the
meta-analysis in order to avoid counting data from the same group
of subjects twice. When multiple RRs were given, we selected one
in the following order: peak exposure, average exposure intensity,
cumulative exposure, and exposure duration. Peak exposure (only
from Hauptmann et al. [98]) was ranked first since metrics like
average intensity and cumulative exposure may be less accurate
measures of true exposure if workers with periods of very high
exposure also have intervening time periods with little or no
exposure. Several studies also reported relative risks for different
levels of exposure (i.e. tertiles of high, medium and low exposure).
As discussed above, because our focus was on evaluating causal
inference rather than exact dose-response relationships, we
selected the relative risk for the highest exposure category. In

the analyses of leukemia, data specific for myeloid leukemia were
used if available.

Summary relative risk estimates were calculated using both the
fixed effects inverse variance weighting method [112] and the
random effects method [130]. Heterogeneity among studies was
assessed using the general variance-based method as described by
Petitti [131]. An advantage of the random effects model over the
fixed effects model is that it allows for the incorporation of
between-study heterogeneity (if it is present) into the summary
variance estimate and 95% confidence intervals. Some argue that
this helps prevent the artificially narrow confidence intervals that
may occur when the fixed effects model is used in the presence of
between-study heterogeneity [131]. Some authors have suggested
that because the random effects model incorporates between-
study heterogeneity it is more conservative than the fixed effects
model [131]. However, a problem with the random effects model is
that study weighting is not directly proportional to study precision
and greater relative weight is given to smaller studies. This can
potentially lead to summary results that are actually less
conservative than in the fixed effects model [132]. To avoid these
problems, we used the method presented by Shore et al. [133] and
used in several subsequent meta-analyses [134-137]. In Shore’s
method, the summary relative risk estimate itself is calculated by
directly weighing individual studies by their precision as in the
fixed effects model while between-study heterogeneity is only
incorporated into the calculations of the summary relative risk’s
variance (i.e. the 95% CI) [133].

Publication bias was assessed using funnel plots and Egger’s
and Begg's tests [138,139]. The funnel plot is a graphical





Table 5
Comparison of recent meta-analyses on formaldehyde and leukemia

8G1

Current meta-analysis

Bosetti et al., 2008 [91]

Collins and Lineker, 2004 [111]

Study RR* N* Group Comparison RR N Comparison RR N
Andielkovich et al., 1995 [113] 0.43 2 Formaldehyde exposed Same” Same?
Coggon et al., 2003 [81] 0.71 8 Average exposure > 2 ppm Total cohort 091 31 Total cohort 0.91 31
Dell and Teta, 1995 [117] 2.65 8 R and D workers Not used Dell, 1993 dissertation 0 0
Hall et al., 1991 [99] 1.52 4 All cohort Same” Same®
Harrington and Shannon, 1975 [119]° 045 1 Lab technicians Same” Not used

0.62 1 Pathologists Same” England only 0.77 1
Hauptmann et al., 2003 [98] 3.46 14 Myeloid, peak exposure =4 ppm All cohort & leukemias 085 65 All cohort & leukemias 0.85 65
Hayes et al., 1990 [79] 1.67 24 Myeloid Same”, & lymphocytic leukemia 074 7 All leukemias 1.52 51
Levine et al., 1984 [100] 16 All cohort Same” Same®
Pinkerton et al., 2004 [82] 219 8 Myeloid, duration 10+ yrs All cohort & leukemias 1.09 24 All cohort & leukemias 1.09 24
Stellman et al., 1998 [126] 0.96 12 Formaldehyde exposed Not used Not used
Stern et al., 1987 [127] 1.7 6 Tannery, duration 10+ yrs Not used Not used
Stroup et al., 1986 [102] 8.8 3 Myeloid (CML only) All leukemias 15 10 All leukemias 1.5 10
Walrath and Fraumeni, 1983 [83] 1.46 6 All reported myeloid All leukemias 140 12 All leukemias 1.4 12
Walrath and Fraumeni, 1984 [103] 1.50 6 All reported myeloid All leukemias 175 12 Unknown 267 4
Wong, 1983 [129] 1.35 2 Employed < 1960 Not used Not used
Band et al.,, 1997 [140] Not used, criterion 57 Not used Not used
Edling et al., 1987 [118] Not used, criteria 2 and 4 ¢ Not used Estimated E * 0 0
Hansen and Olsen, 1995 [80] Not used, criterion 8 Not used Used 0.83 39
Harrington and Oakes, 1984 [226] Not used, criterion 6 Not used Used 167
Linos et al., 1980 [141] Not used, criteria 4 and 5 Not used Unknown 2.1
Matanoski, 1991 [142] Not used, criterion 7 Used 135 31 Used 135 3
Ott et al., 1980 [143] Not used, criterion 1 ¢ Not used Estimated E * 25 3

¢ Relative Risk (RR), calculated as the ratio of the number of cases observed (N) to the number of expected cases (E).

" Same means the same RR used as in the current meta-analysis;
¢ Two RRs used in this analysis: one for lab technicians and another for pathologists;

¢ Criteria for exclusion: 1) No confidence-intervals (Cl); 2) No leukemia cases; 3) Relative risk (RR) on non-myeloid leukemia not used; 4) No RR estimate; 5) No clear exposed group;

6) Overlap with another study; 7) Not published in a scientific journal; and, 8) Standardized proportionate incidence ratios reported.

891-0S1I (6002) 189 Y2403y UOLDINAI/ID 19 SubYZ 1
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Table 6
Results of the meta-analysis of formaldehyde and lymphohematopoietic cancer

Fixed Effects Model®

Shore Adjustment

Random Effects Model Heterogeneity®

Outcome N° RR cl, Cly Cl, Cly RR Cl Cly x? p
All types combined 19 1.25 1.12 1.39 1.09 1.43 1.21 1.03 1.42 30.50 0.05
All leukemia 157  1.54 1.24 1.91 1.18 2.00 1.57 1.17 2.11 21.93 0.1
Myeloid leukemia 6 1.90 1.41 2.55 il&h| 2.76 2.08 1.37 3.16 8.04 0.15
Hodgkin lymphoma 8 1.23 0.67 2.29 - - - - - 6.11 0.53
Non-Hodgkin lymphoma 11 1.08 0.86 1.35 - - - - - 3.24 0.98
Multiple myeloma 9 1.31 1.02 1.67 - - - - - 5.49 0.70

“Number of studies.

PFixed effects RR (relative risk) and CI (confidence interval) used unless heterogeneity is present, then the random effects or Shore numbers are presented.
Heterogeneity defined as present when x? > degrees of freedom (d.f. = number of studies minus 1).
4Two RRs are used in the analysis of Harrington and Shannon [119]: one for lab technicians and another for pathologists.

presentation of each study’s effect size (the log of the relative risk
in our case) versus an estimate of its precision (usually the
standard error (S.E.) of the log of the relative risk). In the absence of
publication bias, studies should be symmetrically distributed
around the summary estimate of effect size. This plot should
appear in a funnel shape because the scattering of effect sizes
should decrease as the precision of the studies increases. If there is
bias against publication of smaller studies with null or unexpected
results, the funnel shape will appear asymmetrical.

3.4. Results from the current meta-analysis

Table 6 shows the results of the meta-analysis. As discussed
above, the fixed effects model is used to calculate relative risk
estimates and confidence intervals unless heterogeneity is present.
If heterogeneity is present (defined as the x2-test statistic for
heterogeneity being greater than the degrees of freedom which
equals the number of studies minus one), calculations using the
random effects or Shore method are applied. Using data from 19
studies (listed in Table 4), the summary relative risk (RR) for all
types of lymphohematopoietic cancer combined was 1.25 (95% CI,
1.09-1.43, Shore adjusted). The summary relative risk was
elevated in the 15 studies (listed in Table 4) reporting data on
all leukemia (RR=1.54; 95% CI, 1.18-2.00, p < 0.001, Shore
adjusted) with the highest summary relative risk seen in the six
studies of myeloid leukemia (RR=1.90; 95% CI, 1.31-2.76,

Andielkovich et al., 1995 [113] —

p=0.001, Shore adjusted). All six studies of myeloid leukemia
had relative risks of 1.4 or higher [79,82,83,98,102,103].

In the Stroup et al. study [102], specific data on myleloid
leukemia classification were only available for the period between
1969 and 1979. If we used the Stroup et al. RR for all leukemia types
combined for the entire study period instead of the RR for just
myeloid leukemia (3 CML of 6 ML), our meta-analysis summary RR
for all leukemia (1.47, 95% CI, 1.19-1.81) decreases slightly.
Removing the Stroup et al. myeloid RR from the myeloid meta-
analysis causes only a small decrease in our myeloid summary RR
(1.75, 95% Cl, 1.30-2.37, n=5). A Forest plot of studies of
formaldehyde and leukemia is shown in Fig. 2. Eleven of the 15
studies reported relative risks above 1.0. No evidence of publica-
tion bias was seen in the analysis of leukemia in the funnel plot
(Fig. 3) or in Eggers (p = 0.99) or Beggs (p = 0.75) tests.

As described above, peak exposure was used only in one study
[98]. Using the relative risk for the highest category of average
exposure intensity in this study, instead of that for peak exposure,
had a minimal impact on the meta-analysis. The summary relative
risk in the all-leukemia analysis changed from 1.54 (95% CI, 1.18-
2.00) to 1.52 (95% CI, 1.18-1.96), a negligible difference. Two
studies (Band et al. [140] and Hansen and Olsen [80]) were
excluded from the “All leukemia” analysis (Table 6) because some
pulp paper workers did not have apparent formaldehyde exposure
[140] and SPIRs instead of RRs were used [80] (see Table 5).
Inclusion of the study by Band et al. into the analysis of “All

Coggon et al., 2003 [81] —
Dell and Teta, 1995 [117] —
Hall et a/., 1991 [99] —

Harrington and Shannon, 1975 [119] —

Harrington and Shannon, 1875 [119] —

Hauptmann et al., (2003) [98] |
Hayes et al., 1990 [79] —
Levine et al., 1984 [100]

Pinkerton et al., 2004 [82]
Stellman et al., 1998 [126] _
Stern ef al., 1987 [127] —
Stroup ef al., 1986 [102] -
Walrath and Fraumeni, 1983 [83] —
Walrath and Fraumeni, 1984 [103] —
Wong, 1983 [129] —]

All Combined —

Relative Risk

Fig. 2. Relative risks of leukemia in occupational and professional workers exposed to formaldehyde from the studies in the current meta-analysis presented as a Forest plot.
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Begg's funnel plot with pseudo 95% confidence limits

Log (Relative Risk)

T T

0 5 1 15 2
Standard Error of Log (Relative Risk)

Fig. 3. Funnel plot comparing the logarithm of each study’s relative risk and
standard error for studies included in the meta-analysis of formaldehyde and
leukemia. The funnel plot is a graphical presentation of each study’s effect size
(log RR) versus an estimate of its precision (the S.E. of the log RR). The funnel shape
suggests a lack of publication bias arising from the meta-analysis.

leukemia” led to a decrease in the relative risk of leukemia from
1.54 to 1.24 (95% CI, 0.97-1.59, p =0.04), while including the
Hansen and Olsen study slightly decreased the “All leukemia”
relative risk from 1.54 to 1.41 (1.10-1.79, p = 0.003). The summary
relative risk (Table 6) was not clearly elevated in the Hodgkin
(RR =1.23; 95% (I, 0.67-2.29) and non-Hodgkin (RR = 1.08; 95% ClI,
0.86-1.35) lymphoma studies, but was modestly increased in the
nine studies of multiple myeloma (RR =1.31; 95% CI, 1.02-1.67,
p=0.02).

Overall, the results of our meta-analysis suggest that for-
maldehyde causes leukemia, specifically myeloid leukemia. As
discussed earlier, two other recent meta-analyses have produced
mixed results [91,111]. A comparison of our meta-analysis with
these two previous studies is shown in Table 5. In general we found
evidence of a stronger association between formaldehyde and
leukemia than these previous meta-analyses. The primary reason
for this is the different results used from the studies by Hauptmann
et al. [98], Stroup et al. [102] and Pinkerton et al. [82]. For these
studies, we used relative risks for myeloid leukemia and/or for the
highest exposure category in each study. In the two previous meta-
analyses [91,111], relative risks for all exposure groups combined
and all leukemia types combined were used. If we replace the
results we used for these three studies with the results used in the
previous meta-analyses the summary relative risk we identified for
leukemia drops from 1.54 (95% CI, 1.18-2.00) to 1.10 (95% CI, 0.93-
1.31). The previous meta-analyses also used several studies that
we do not. These studies and the reasons for excluding them from
the current analysis are described above and are listed in Table 5.
Exclusion of these studies had only a relatively small impact on our
summary relative risks for leukemia. If we add the five studies
[80,118,141-143] used by the previous meta-analyses, but not
used by us, the summary relative risk for leukemia falls slightly but
remains statistically significant (RR=1.38; 95% CI, 1.15-1.65;
p < 0.001).

In summary, by applying our methodology of selecting data on
the most highly exposed groups from each study when available,
utilizing relative risks and examining myeloid leukemia separately
(when data were available), our new meta-analysis provides
evidence of an association between formaldehyde exposure and
human leukemia, especially for myeloid leukemia.

4. Formaldehyde-induced hematotoxicity and genotoxicity
Most chemically induced human leukemias are acute myeloid

leukemia (AML) and precursor myelodysplastic syndromes (MDS).
Leukemia arises through damage to early stem or progenitor cells

in the bone marrow (detailed in next section). Such damage to the
bone marrow often manifests itself as hematotoxicity and/or
genotoxicity, both of which occur following exposure to chemicals
that cause leukemia. Established chemical leukemogens, such as
chemotherapeutic drugs (alkylating agents and topoisomerase Il
inhibitors) and benzene, are capable of inducing toxicity to the
blood forming system (hematotoxicity) and damaging DNA and/or
chromosomes (genotoxicity). For example, exposure to benzene
(even at relatively low doses) induces lowered blood cell counts
and increased chromosome alterations [94,144-149].

4.1. Formaldehyde-induced hematotoxicity

The published data on formaldehyde hematotoxicity are
limited and inconsistent. Several previous studies showed that
formaldehyde altered the counts of different types of blood cells.
One study reported that exposure to formaldehyde in humans
reduced white blood cell counts [150]. Another recent study
concluded that formaldehyde increased B cells, but decreased total
T cells (CD3) and T-helper cells (CD8) in the blood of exposed
workers, while T-suppressor (CD4) cells remained unchanged
[151]. However, a study of people environmentally exposed to
formaldehyde during an accidental spill showed no difference in
white blood cells, lymphocytes, or T-cells (CD4 and CD8) [76]. In
male rats exposed to a high dose of formaldehyde, increased
monocytes, red blood cells and hemoglobin were detected, but
lymphocyte counts were decreased [152]. The inconsistencies and
limitations in the published studies suggest that more compre-
hensive studies of the hematological effects of formaldehyde in
exposed populations are needed.

4.2. Formaldehyde-induced genotoxicity

Formaldehyde is genotoxic and induces both DNA damage and
chromosome changes, frequently expressed as DNA-protein
crosslinks (DPCs), chromosomal aberrations (CA), sister chromatid
exchanges (SCEs), and micronuclei (MN). A large number of studies
have demonstrated that these alterations can be induced by
formaldehyde in cell culture experiments and in vivo in humans
and experimental animals at the sites of formaldehyde exposure
[19,68]. Other studies have shown that these changes can occur in
the lymphocytes of exposed people although the results of these
studies are more variable, with increases in damage being reported
in some studies and not in others [19,68]. In recent years and after
the literature was compiled for the earlier reviews, there have been
a number of studies reporting that formaldehyde can induce
damage in circulating lymphocytes [151,153-155]. In light of these
new reports and the fact that the focus of this review is on
mechanisms that could contribute to formaldehyde-induced
leukemia, we have chosen to highlight examples of positive
studies with an emphasis on those that have detected damage in
the cells of the blood or bone marrow of humans and experimental
animals. While discrepant results are found in the literature, the
number of studies reporting positive results indicates that
formaldehyde is able to cause a range of genotoxic effects in the
DNA and chromosomes of lymphocytes, and possibly other bone
marrow-derived cells. Additional details and examples are
provided in the following sections.

4.2.1. DNA-protein crosslinks

Formaldehyde is thought to produce its genotoxic effects
primarily through the induction of DPCs. The covalent crosslinking
of proteins to DNA, defined as DPCs, is induced by a variety of
endogenous and exogenous agents including metals and formal-
dehyde [156]. A schematic of the formaldehyde-induced cross-
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(A) Formaldehyde crosslinking mechanism
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Fig. 4. A schematic mechanism (A) and a representative structure (B) of formaldehyde-induced DNA-protein crosslinks [156]. (A) Formaldehyde crosslinking mechanism
depicting the steps in the reaction of formaldehyde with an amino group (of a protein side chain) to form a Schiff base (in step 1) which can then go on and react with another
amino group (of a DNA base) to complete the crosslink. (B) Crosslink structure showing a formaldehyde-induced crosslink between cytosine and lysine.

linking mechanism and the resulting DPC structure are shown in
Fig. 4. The induced DPCs have the following general structure:
histone-containing lysine-NH-CH,-NH-DNA (Fig. 4) and are the
major mechanism for formaldehyde’s induction of DNA lesions
[157]. Formaldehyde-induced DPCs have been detected in the
nasal mucosa of exposed animals [158-161] and in human
lymphocytes [162-164] and V79 Chinese hamster lung cells
exposed in vitro [165]. It was recently shown that cells lacking the
FANC/BRCA DNA damage repair pathway are hypersensitive to
formaldehyde and that this pathway is essential to counteract
formaldehyde-induced DPCs [166]. Because DPCs are longer-lived
than most DNA adducts, and are only slowly or partially repaired,
the DPC level could serve as a biomarker of internal formaldehyde
dose. The level of DPCs has been used as a biomarker of
formaldehyde exposure in mammalian cells [159,167], and has
also been correlated with formaldehyde-induced carcinogenesis in
animals [96,161].

In the only human studies performed to date by Shaham et al.
[164,168], elevated DPCs were detected in the peripheral mono-
nuclear cells of formaldehyde-exposed workers. These findings
have been questioned, however, because of the excessively high
level of DPCs reported in the controls, which are an order of
magnitude higher than those typically reported [169]. Therefore,
Shaham et al.’s findings need to be replicated in other molecular
epidemiology studies.

Formaldehyde induces DPCs in V79 Chinese hamster cells in a
manner that correlates with increased cytotoxicity and clasto-
genicity [165]. They are expected to act as bulky helix-distorting
adducts, and are likely to physically block DNA replication and
transcription, and to eventually interrupt the DNA metabolic
machinery by anchoring the chromatin and preventing its
remodeling [156]. In addition, the biologically relevant proteins
involved in formaldehyde-induced DPCs are major histones (H1,
H2A, H2B, H3 and H4) [170] and vimentin [171]. Thus,
formaldehyde-induced DPCs have the potential to cause (or
correlate with) the increased levels of chromosomal damage in
exposed individuals, but this needs to be further substantiated. In
addition, the correlation between chemically induced DPCs and
cancer risk is less clear. One case—control study showed that DPC
frequencies detected in the blood lymphocytes of breast cancer
patients was significantly higher than in control subjects, which
may indicate an association of DPCs with increased breast cancer
risk, but may also be simply a consequence of the disease [172].
Prospective studies are needed to further evaluate this association.

4.2.2. Cytogenetic alterations

Increased levels of cytogenetic alterations (CA, SCEs, MN) have
been reported to occur in the bone marrow of exposed mice and rats
[173,174] and in mammalian cells in vitro such as Syrian hamster
embryo cells [175] following exposure to formaldehyde. Several
studies have found increased CA in human peripheral blood
lymphocytes obtained from individuals occupationally exposed to
formaldehyde as compared to their respective controls [176-178].
The effects were particularly strong for the relationship between
formaldehyde exposure and structural aberrations, such as chromo-
some breaks [179,180], dicentrics and ring chromosomes [181].
However, these studies have a number of methodological weak-
nesses, including poor exposure assessment, non-current measure-
ment of exposure and outcome, small sample size, etc. There is a
need to replicate these findings in better-designed studies.
Formaldehyde has also been reported to induce SCEs and MN in
the circulating lymphocytes of exposed individuals [151,153-
155,182,183]. Overall, these studies provide substantial evidence
that formaldehyde can damage chromosomes.

Chromosomal aberrations (CA) [184,185], and more recently
MN [186] (but not SCE), have been shown to be predictive of
overall future cancer risk, especially for hematological malignan-
cies [187]. It should be noted that these traditional cytogenetic
assays (CA, SCEs and MN) are unable to detect leukemia-specific
chromosomal aberrations (such as monosomy 7, trisomy 8, and
translocations, etc.) known to be on the causal pathways to
leukemia and therefore even better biomarkers of the disease
[94,188]. Modern molecular cytogenetic assays such as fluores-
cence in situ hybridization (FISH) can be readily applied to the
detection of these specific chromosomal changes. To date,
however, formaldehyde has not been demonstrated to induce
leukemia-specific chromosomal aberrations. Studies demonstrat-
ing the presence of these specific chromosomal changes in any cell
type but particularly in hematopoietic progenitor cells, the target
cells of importance in leukemia, would strengthen the biological
plausibility.

5. Potential mechanisms of formaldehyde-induced leukemia

Leukemias and related disorders originate in pluripotent
precursor cells located in the bone marrow that normally give
rise to all blood cells [189,190]. Disruptions of the normal
hierarchy of maturation result in hematological disorders char-
acterized by either excesses or deficiencies of mature effector cells
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[191,192]. The disorders of myeloid origin include acute myeloid
leukemia (AML), myelodysplastic syndromes (MDS), and myelo-
proliferative disorders such as chronic myeloid leukemia (CML).
Hematological disorders of lymphoid origin include acute lym-
phocytic leukemia (ALL), chronic lymphocytic leukemias (CLL),
lymphoma (HL and NHL) and multiple myeloma (MM), which arise
from stem cells in the bone marrow (ALL) or from more mature
cells outside of the bone marrow (CLL, lymphoma, and myeloma),
possibly in the lymph nodes and/or germinal centers [193,194].

For a hematopoietic stem or progenitor cell to become malignant,
it must acquire genetic mutations and develop genomic instability.
There are a number of factors that predispose cells to this genomic
instability [195,196]. These include error prone DNA repair,
imbalance in the nucleotide precursor pool, generation of reactive
oxygen species, and exposure to genotoxic xenobiotic agents
(chemotherapeutic drugs and benzene) delivered to the bone
marrow, which can cause AML and MDS. Of course, the majority of
patients treated with these cancer drugs and workers exposed to
benzene do not go on to develop AML/MDS, as there are a number of
factors, which have evolved to prevent DNA instability, including
maintenance of the primary DNA sequence by base selection, proof
reading and mismatch correction. In addition, depending on the
extent of the damage incurred, well defined DNA repair pathways
can repair a range of damage at cell cycle checkpoints, or induce
apoptosis [197-199]. However, mutagenic damage sustained by
target cells with un-repaired damage that fail to undergo apoptosis
may initiate leukemogenesis.

5.1. Overview of the mechanisms of formaldehyde-induced leukemia

As described above, leukemia originates in the pluripotent stem
and progenitor cells that are mainly located in the bone marrow
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[200]. A portion of the bone marrow stem and progenitor cells
circulate in the peripheral blood where they constitute up to 0.05%
of circulating nucleated cells [189,201]. These cells return to the
bone marrow, and, therefore, peripheral blood represents another
possible target site of formaldehyde-induced leukemogenesis. It is
commonly postulated that most inhaled airborne formaldehyde is
detoxified upon contact with mucosal surfaces of the mouth and
nose, and that little or no formaldehyde reaches the internal
organs, such as bone marrow. However, it seems plausible that
formaldehyde could produce damage to the target hematopoietic
stem cells via the three possible mechanisms described below and
illustrated in Fig. 5: (a) by damaging stem cells in the bone marrow
directly, as most other leukemogens do; (b) by damaging
hematopoietic stem/progenitor cells circulating in the peripheral
blood; and (c¢) by damaging the primitive pluripotent stem cells
present within the nasal turbinates and/or olfactory mucosa. In the
latter two models, damaged stem/progenitor cells would then
travel to the bone marrow and become initiated leukemic stem
cells.

5.1.1. Targeting bone marrow hematopoietic stem cells (traditional
model)

Similar to other chemical leukemogens [202], formaldehyde
could potentially damage stem cells in the bone marrow directly
(Fig. 5a). In this traditional model, formaldehyde is absorbed
during respiration, and travels through the blood to the bone
marrow where it exerts its toxic and mutagenic effects. This model
has been considered unlikely as formaldehyde is not thought to
reach bone marrow in significant quantities and there has been a
general lack of overt bone marrow toxicity in experimental
animals [173,174]. However, the chemistry of formaldehyde is
complex. It exists as a gas at room temperature but in the presence
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Fig. 5. Potential models to illustrate how formaldehyde can damage stem cells. (a) Traditional model: targeting hematopoietic stem cells in bone marrow directly; (b)
alternate model 1: targeting stem and progenitor cells in circulating peripheral blood; and (c) alternate model 2: targeting primitive pluripotent cells in nasal/oral passages.
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of water it dissolves and converts mostly to its hydrate
methanediol [CHy(OH),], in which form it exists in equilibrium
with formaldehyde (CH,0) and thus could potentially reach the
bone marrow [203,204]. Formaldehyde is however difficult to
measure in the tissues and reacts rapidly with glutathione. Further,
it is a substrate for one-carbon metabolism and can be rapidly
incorporated into macromolecules throughout the body, making
its toxicokinetic fate hard to study [203]. Thus, transport of reactive
formaldehyde (as methanediol) to the marrow cannot be ruled out
and is, in fact, entirely plausible; therefore one can hypothesize
that formaldehyde may cause leukemia by directly inducing DNA
damage and chromosome aberrations in hematopoietic stem or
early progenitor cells in the bone marrow, promoting their
development into leukemic stem cells.

We have postulated two alternate models (described below)
based on a mechanism involving circulating stem cells, to explain
how formaldehyde might induce leukemia if it were not able to
reach bone marrow in sufficient qualities to damage stem cells
directly.

5.1.2. Targeting blood stem cells and progenitors (alternate model 1)

The second model (Fig. 5b) by which formaldehyde might
cause leukemia in humans proposes that after formaldehyde
reaches the nasal/oral passages and lung, it crosses into the blood
and induces mutations or pre-mutagenic lesions in circulating
hematopoietic stem cells. The mechanism by which this could
occur is uncertain, but we hypothesize that the critical DNA or
macromolecular binding occurs in the blood. When the affected
cells proliferate, un-repaired lesions could lead to leukemogenic
mutations and cellular toxicity. The initiated stem cell would then
be re-incorporated into the bone marrow, eventually leading to
leukemia.

There are several lines of evidence that indicate that this
mechanism is plausible. The detection of DNA-protein crosslinks
and cytogenetic damage in the lymphocytes of exposed workers
indicates that formaldehyde is able to reach cells of the peripheral
blood in a reactive form and cause genetic lesions in DNA and
chromosomes [68,176-178,182,205]. The same types of damage
that occur in the peripheral lymphocytes would also be expected to
occur in circulating hematopoietic stem cells. Upon their return
and proliferation within the bone marrow, pre-mutagenic lesions
within these altered stem cells would be converted into mutagenic
lesions. Mutations affecting critical leukemia-related genes would
represent a key initial step in the conversion of a hematopoietic
stem cell into a leukemic stem cell [195,196].

5.1.3. Targeting pluripotent nasal/oral stem cells (alternate model 2)

The third model proposes that formaldehyde directly induces
mutations or pre-mutagenic lesions in primitive pluripotent stem
cells, which reside in the oral or nasal passages (Fig. 5c). Either
through normal trafficking or trafficking enhanced by formalde-
hyde-induced cytotoxicity, the damaged stem cells are released
from the nasal passages, circulate through the blood, and are
eventually incorporated into the bone marrow where they could
potentially induce leukemia. The plausibility of this model is
bolstered by several lines of evidence. It has been well established
that formaldehyde can induce toxicity and DNA-protein cross
links in the nasal passages of laboratory animals including non-
human primates (reviewed in [68]). Similar lesions could almost
certainly occurin humans, and reports of increased micronucleiin
the nasal and oral mucosa of exposed humans establish that
damage can occur at sites of formaldehyde exposure (reviewed in
[68]). During normal cell proliferation or more likely during
proliferation that occurs secondary to formaldehyde cytotoxicity,
DNA damage and lesions occurring in primitive pluripotent stem

cells located in the olfactory mucosa could be converted into
mutations. These mutated stem cells would then migrate to the
bone marrow either during normal trafficking or trafficking
enhanced by cytotoxicity in the mucosa. Alternatively, pluripo-
tent olfactory stem cells containing pre-mutagenic lesions could
migrate to the bone marrow where, upon replication, the pre-
mutagenic lesions would be converted into mutations. As
indicated above, mutations occurring in key leukemia-related
genes would represent an initial step in the conversion to a
leukemic stem cell [195,196].

This postulated mechanism is supported by a recent study
showing that olfactory epithelial cells obtained from rat nasal
passages were capable of re-populating the hematopoietic tissues
of irradiated rats and gave rise to hematopoietic stem/progenitor
cells (CD34") of multiple lineages in vivo including myeloid and
lymphoid cells [206]. The presence within the nasal passages of
stem cells capable of generating multiple hematopoietic cell
lineages provides a critical piece of evidence to support the
plausibility of this third proposed model.

Given the likely dynamics of stem cell turnover between the
nasal/oral passages, blood and bone marrow, particularly in the
context of continuous high formaldehyde exposure (such as
occupational exposure), one can imagine the targeting of sufficient
stem cells through these two alternative models to induce
leukemia, which would arise from a single mutated cell, be clonal
in nature, and, have a protracted latency.

5.2. Detection of damage to hematopoietic stem and progenitor cells

We have hypothesized that formaldehyde could cause leuke-
mia by directly inducing DNA damage and chromosome aberra-
tions in hematopoietic stem or early progenitor cells in the bone
marrow, or those circulating in the blood, thereby promoting their
development into leukemic stem cells. It is possible to measure
formaldehyde-induced damage in circulating myeloid progenitor
cells because these cells can be harvested and cultured in colony-
forming assays using growth factor-enriched semi-solid media
[207]. During the 12-14 days of culture, the progenitor cells
establish individual colonies while terminally differentiated cells
such as lymphocytes and granulocytes die out. The individual
colonies can then be classified microscopically according to the
progenitor cell type. Colonies arising from the most primitive, early
progenitor cells are called colony-forming-unit-granulocyte,
erythroid, monocyte, macrophage, megakaryocyte (CFU-GEMM)
because these progenitors can give rise to any of these cell types.
Colonies derived from more committed progenitor cells that give
rise to reticulocytes and erythrocytes are called burst-forming
unit-erythroid (BFU-E), whereas those that give rise to granulo-
cytes and macrophages are called colony-forming unit-granulo-
cyte-macrophage (CFU-GM).

We recently applied these colony assays in a study of Chinese
workers exposed to varying levels of benzene, a known myeloid
leukemogen, and reported a dose-dependent decrease in the
number of these colony formations [145]. We also found that
benzene caused a greater proportional decrease in colony
formation than in levels of mature granulocytes, suggesting that
early myeloid progenitor cells are the targets for the hematotoxic
effects of benzene in humans. No studies to date have examined
the effects of formaldehyde on colony formation from hemato-
poietic stem and/or progenitor cells, but could be performed in
formaldehyde-exposed workers. Such studies could help to bridge
the gap between the epidemiological evidence of leukemia,
lymphomas, and myeloma due to formaldehyde exposure and
our current understanding of possible mechanistic routes for the
induction of these lymphohematopoietic malignancies.
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6. Conclusions and future directions

In this review we have performed a comparative global survey
of formaldehyde occupational and environmental exposure limits.
We concluded that: (1) the U.S. OEL (0.75 ppm, 8h TWA, OSHA PEL)
has remained at the same high level since 1992, in comparison to
other countries who have lowered their OELs; (2) the U.S. has no
regulation for non-occupational indoor formaldehyde exposure
limits, while other developed and developing nations have
established such standards, according to the recommendations
from WHO (0.08 ppm); and (3) unlike the jurisdictions of Japan and
California, the U.S. has not yet established a national reference
exposure level for atmospheric formaldehyde.

Additionally, we describe the epidemiological and biological
evidence that appears to support an association between
formaldehyde and leukemia. In particular, a number of epidemio-
logical studies document a significant association between
occupational exposure to formaldehyde and excess mortality from
leukemia. A new meta-analysis of these published studies provides
evidence of an association with leukemia, particularly of the
myeloid type. However, the question of biological plausibility
remains and requires further investigation.

We note that formaldehyde causes chromosomal aberrations
and DNA-protein crosslinks, both of which could potentially cause
the mutations required for the development of leukemia if they
occurred in the target cells for leukemogenesis. We hypothesize
that formaldehyde may cause leukemia by directly inducing DNA
damage and chromosome aberrations in hematopoietic stem or
early progenitor cells in the bone marrow, promoting their
development into leukemic stem cells. We also propose two
alternate mechanisms by which formaldehyde might induce
leukemogenesis by damaging the hematopoietic stem and
progenitor cells circulating in the blood or the pluripotent stem
cells located in the nasal passages.

In future studies, researchers could explore whether formalde-
hyde is able to cause leukemia-initiating events in the critical
target cells for myeloid leukemogenesis. Specifically, it should be
determined if formaldehyde can induce leukemia-specific chro-
mosomal aberrations and DNA-protein crosslinks in myeloid
progenitor cells, both in vivo in exposed workers and in vitro in
cultured human cells. Such studies would compliment ongoing
epidemiological studies further examining the association with
leukemia, and would increase our understanding of the potential
mechanisms by which formaldehyde may induce myeloid
leukemia in humans.
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